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[57] ABSTRACT 

An internal voltage generation circuit down converts an 
external power supply voltage on the basis of a reference 
voltage. An oscillator outputs a pulse voltage according to a 
power supply voltage. A pump circuit generates the internal 
voltage according to the pulse voltage. A control circuit for 
the oscillator may include a current mirror amplifier so that 
when the power supply voltage is reduced the frequency of 
the pulse voltage becomes higher a corresponding amount 
and when the power supply voltage is increased the fre- 
quency of the pulse voltage becomes lower a corresponding 
amount. 

6 Claims, 7 Drawing Sheets 
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INTERNAL VOLTAGE GENERATION As described above, a conventional internal voltage-down 

CIRCUIT HAVING RING OSCILLATOR power supply circuit forms a closed loop in which the output 

WHOSE FREQUENCY CHANGES which is internal power supply voltage intVcc is applied to 

INVERSELY WITH POWER SUPPLY comparator circuit 67. When external power supply voltage 

VOLTAGE 5 ext Vcc is shifted to a greater value, or when the temperature 

during the operation of internal voltage-down power supply 

This application is a divisional of application Ser. No. circuit 94 is low, the channel conductance of the transistors 

08/780,909 filed Jan. 9, 1997 and now U.S. Pat. No. 5,982, forming internal vohage-down power supply circuit 94 

162. becomes greater to increase the voltage gain of comparator 

10 circuit 67 and voltage-down power supply circuit 1. This 

BACKGROUND OF THE INVENTION ^^^^^ p^wem that internal power supply voltage 

1. Field of the Invention intVcc is easily oscillated unnecessarily which is the output 
The present invention relates to internal power supply of internal voltage-down power supply circuit 94. 

voltage generation circuits, internal voltage generation As described above, a conventional semiconductor device 

circuits, and semiconductor devices, and more particularly, has internal voltage-down power supply circuit 94 provided 

to an internal power supply voltage generation circuit at the end of the chip. If control circuit group 63 that 

immune to variation in external power supply voltage and operates according to internal power supply voltage intVcc 

temperature, an internal voltage generation circuit immune is arranged remote from internal voltage-down power supply 

to variation in power supply voltage, and a semiconductor circuit 94, the resistance of power line 71 is increased. This 

device immune to variation in internal power supply volt- causes the level of internal power supply voltage intVcc in 

age. the proximity of control circuit group 63 to become lower 

2. Description of the Background Art ^^^n the level of internal power supply voltage intVcc in the 
FIG. 13 is a circuit diagram showing in detail an internal proximity of internal vollageKiown power supply circuit 94 

voltage-down power supply circuit as a conventional inter- Parasitic resistance of power Ime 71 when the power 

nal power supply vohage generation circuit. consumption of control circuit group 63 is increased. It is to 

n c ' , TTT/^ 1 ^ • * 1 u J noted that internal voltage -down power supply circuit 94 

Referring to FIG. 13, an mtemal voltage-down power . • . i i i. ■ .x, . c j- 

supply circuit 94 generates and suppUes to a control circuit ^"^^^ ,^PP ^ ''°^}^f^ '"^^^ feeding 

group 63 an internal power supply voltage intVcc. Control back mternal power supply voltage mtVcc in the proximity 

. • 1 J 1 1*/ r * 1 • u - u of internal voltage-down power supply Circuit 94. There was 

circuit group 63 mcludes a plurahtyofcontrol circuits which i_i 11. ^ 1 • 

^ , • * 1 1 w 4,xr a problem that mtemal voltage-down power supply arcmt 

operate accordmg to internal power supply voltage int Vcc. n/j * 1 f n *u • *• c.i 

11* J t ' . ■ t ji "4 does not easily follow the variation of mtemal power 

Internal voltage-down power supply circmt 94 mcludes a , • fx/ • .1. - . c . 1 • 

. J u J •* < ^7 1* supply voltage intVcc m the proximity of control circuit 

comparator circuit 67 and a voltage-down circmt 1. Voltage- 93 

down circuit 1 is formed of a PMOS transistor. Comparator S^oup 

circuit 67 is formed of a current mirror type amplify circuit. 35 SUMMARY OF THE INVENTION 
Comparator circuit 67 includes PMOS transistors 7 and 9, 

NMOS transistors 11 and 13, and a constant current source 1° view of the foregoing, an object of the present inven- 

59. tion is to provide an internal power supply voltage genera- 

An output voltage from comparator circuit 67 is applied ^^0° ^i^uit that does not have an internal power supply 

to the gate of PMOS transistor 1. PMOS transistor 1 40 voltage intVcc unnecessarily oscillated in response to varia- 

down-converts an external power supply voltage extVcc ^io° ^ ^n external power supply voltage extVcc and tem- 

according to the level of the output voltage to generate perature. 

internal power supply voltage intVcc. A reference voltage Another object of the present invention is to provide a 

Vref is applied to the gate of NMOS transistor 13 of semiconductor device including an intemal power supply 

comparator circuit 67. Internal power supply voltage intVcc 45 voltage generation circuit that can generate internal power 

generated from PMOS transistor 1 is applied to the gate of supply voltage intVcc in response to variation in intemal 

NMOS transistor 11 of comparator circuit 67. Therefore, power supply voltage intVcc in the proximity of a control 

comparator circuit 67 provides a voltage to the gate of MOS circuit groiip even when the internal power supply voltage 

transistor 1 so that the level of internal power supply voltage generation circuit and the control circuit group are remote 

intVcc is equal to the level of reference voltage Vref. 50 from each other. More specifically, the another object of the 

FIG. 14 is a schematic block diagram of a conventional present invention is to provide a semiconductor device 

semiconductor device. Components corresponding to those including an intemal power supply voltage generation cir- 

of FIG. 13 have the same reference characters allotted, and ^uit that has superior followability to variation of internal 

their description wQl not be repeated. power supply voltage intVcc in the proximity of a control 

Referring to FIG. 14, a conventional semiconductor 55 circuit group, 

device includes four memory arrays 97, and external power A further object of the present invention is to provide an 

supply pad 95, an internal voltage-down power supply internal voltage generation circuits that has increase of the 

circuit 94, a power line 71, and a control circuit group 63. for internal voltage to attain a predetermined voltage 

Memory array 97 includes a plurahty of memory cells to level suppressed even when power supply voltage is 

store data. Internal voltage-down power supply circuit 94 is 60 reduced. 

located in the proximity of external power supply pad 95 According to a first aspect of the present invention, an 

provided at the end of the chip. External power supply pad internal power supply voltage generation circuit generates 

95 serves to supply extemal power supply voltage extVcc to an internal power supply voltage. The internal power supply 

internal voltage-down power supply circuit 94. Power line voltage generation circuit includes a current mirror amplify 

71 serves to supply internal power supply voltage intVcc 65 circuit, a voltage-down circuit, and a current source control 

generated from internal voltage-down power supply circuit circuit. The current mirror amplify circuit includes a current 

94 to control circuit group 63. source. The current mirror amplify circuit is a comparator 
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circuit for comparing a reference voltage with an internal 
power supply voltage. The voltage-down circuit down- 
converts an external power supply voltage for generating an 
internal power supply voltage according to the comparison 
restilt of the current mirror amplify circuit. The current 5 
source control circuit controls the current source so that the 
current from the current source is reduced according to 
increase, if any, of the external power supply vohage, and 
increased according to decrease, if any, of the external power 
supply voltage. lO 

In the internal power supply voltage generation circuit of 
the first aspect, control is provided so that, when the external 
power supply voltage becomes higher, the current from the 
current source of the current mirror amplify circuit is 
decreased according to increase of the external power supply ^5 
voltage. Therefore, increase of the closed loop gain of the 
internal power supply voltage generation circuit can be 
suppressed even when the external power supply voltage is 
altered to a higher value. Therefore, unnecessary oscillation 
of the internal power supply voltage can be prevented. 20 

According to a second aspect of the present invention, an 
internal power supply voltage generation circuit generates 
an internal power supply vohage. The internal power supply 
voltage generation circuit includes a current mirror amplify 
circuit, a vohage-down circuit, and a current source control 
circuit. The current mirror amplify circuit includes a current 
source. The current mirror amplify circuit includes a com- 
parator circuit for comparing a reference voltage with an 
internal voltage. The voltage-down circuit down -converts an 
external power supply voltage to generate an internal power 
supply voltage according to the comparison result of the 
current mirror amplify circuit. The current source control 
means controls the current source so that the current from 
the current source is increased according to increase, if any, 
of the temperature, and reduced according to decrease, if 
any, of the temperature. 

In the internal power supply voltage generation circuit of 
the second aspect of the present invention, control is pro- 
vided so that, when the temperature becomes lower, the ^ 
current from the current source of the current mirror amplify 
circuit is reduced according to reduction in the temperature. 
Therefore, increase of the closed loop gain of the internal 
power supply voltage generation circuit can be suppressed 
even when the temperature during operation is low. Thus, 
unrequired oscillation of the internal power supply voltage 
can be prevented. 

According to a third aspect of the present invention, an 
internal power voltage generation circuit includes an oscil- 
lation circuit, a pump circuit, and an oscillation control 50 
circuit. The oscillation circuit oscillates a pulse voltage on 
the basis of a power supply voltage. The pump circuit 
generates an internal voltage according to the pulse voltage. 
The oscillation control circuit controls the oscillation circuit 
so that the frequency of the pulse voltage becomes higher 55 
according to reduction, if any, of the power supply voltage. 
The oscillation control circuit controls the oscillation circuit 
so that the frequency of the pulse voltage becomes lower 
according to increase, if any, of the power supply voltage. 

In the internal voltage generation circuit of the third 60 
aspect, control is provided so that the frequency of the pulse 
voltage for driving the pump circuit becomes higher accord- 
ing to decrease, if any, of the power supply voltage. 
Therefore, sufficient level of pumping can be obtained even 
when the power supply voltage is lowered. Increase in the 65 
time required for the internal vohage to attain a predeter- 
mined voltage level can be suppressed. 



According to a fourth aspect of the present invention, a 
semiconductor device includes an internal circuit, an inter- 
nal power supply voltage generation circuit, a power line, 
and a conductor line. The internal power supply voltage 
generation circuit generates an internal power supply volt- 
age. The power line supplies on internal power supply 
voltage to the internal circuit. The conductor line is con- 
nected to the power line in the proximity of the internal 
circuit, and is not connected to the power line except at the 
proximity of the internal circuit. The internal power supply 
voltage generation circuit compares a reference voltage with 
an internal power supply vohage in the proximity of the 
internal circuit to generate an internal power supply voltage 
according to the comparison result. The internal power 
supply voltage in the proximity of the internal circuit is 
transmitted to the internal power supply voltage generation 
circuit by the conductor line. 

According to a fifth aspect of the present invention, a 
semiconductor device includes an internal circuit, and an 
internal power supply voltage generation circuit. The inter- 
nal power supply voltage generation circuit generates an 
internal power supply voltage that is supplied to the internal 
circuit. The internal power supply voltage generation circuit 
generates an internal power supply voltage according to the 
comparison results of a reference vohage and an internal 
power supply voltage. The internal power supply voltage 
generation circuit includes a reference voltage generation 
circuit. The reference voltage generation circuit alters the 
reference vohage according to the internal power supply 
voltage in the proximity of the internal circuit. 

According to the semiconductor devices of the fourth and 
fifth aspects of the present invention, an internal power 
supply vohage can be generated accommodating change in 
the internal power supply voltage in the proximity of the 
internal circuit. Therefore, followability can be improved 
with respect to the variation in the internal power supply 
voltage at the proximity of the internal circuit. 

The foregoing and other objects, features, aspects and 
advantages of the present invention will become more 
apparent from the following detailed description of the 
present invention when taken in conjunction with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram showing in detail an internal 
voltage-down power supply circuit as an internal power 
supply voltage generation circuit according to a first 
embodiment of the present invention. 

FIG. 2 is a diagram for describing an operation of the 
internal voltage-down power supply circuit of FIG. 1. 

FIG. 3 is a circuit diagram showing in detail a current 
source control circuit used in an internal voltage-down 
power supply circuits as an internal power supply voltage 
generation circuit according to a second embodiment of the 
present invention. 

FIG. 4 is a circuit diagram showing another example of a 
current source control circuit used in an internal vohage- 
down power supply circuit as an internal power supply 
voltage generation circuit according to the second embodi- 
ment of the present invention. 

FIG. 5 is a schematic block diagram showing an internal 
voltage generation circuit according to a third embodiment 
of the present invention. 

FIGS. 6 and 7 are circuit diagrams showing examples of 
a ring oscillator of FIG. 5. 
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FIG. 8 is a circuit diagram showing a semiconductor of comparator circuit 3 to down-convert external power 

device according to a fourth embodiment of the present supply voltage exlVcc for generating an internal power 

invention, particularly an internal vollage-down power sup- supply voltage intVcc. When internal power supply voltage 

ply circuit thereof. intVcc is smaller than reference voltage Vref, comparator 
HG. 9 is a diagram for describing an operation of the 5 circuit 3 provides a voltage of an L level (logical low) from 

internal vollage-down power supply circuit of FIG. 8. ^^^P"^ ^1 to the gate of PMOS transistor 1. In 

- . J. r ^ J . response, the channel conductance of PMOS transistor 1 

FIG. 10 IS a c^cuit diagram of a semiconductor device becomes greater. This causes the level of internal power 

accordmg to a fifth embodiment of the present mvention, g^ppjy ^^^^^^^ i^tVcc to be increased. When internal power 

particularly an mternal voltage-down power supply circuit ^^pply voltage intVcc becomes as high as the level of 

thereof. reference voltage Vref, comparator circuit 3 provides a 

FIG. 11 is a circuit diagram showing in detail a Vref voltage of an H level (logical high) from output node Nl to 

control circuit of FIG. 10. the gate of PMOS transistor 1. In response, PMOS transistor 

FIG. 12 is a diagram for describing an operation of the 1 is turned off. As a result, internal power supply voltage 

internal voltage-down power supply circuit of FIG, 10. intVcc will become stable at the level equal to reference 

FIG. 13 is a circuit diagram showing in detail a conven- voltage Vref, 

tional internal voltage -down power supply circuit. It is assumed that the current generated by constant 

FIG. 14 is a schematic block diagram of a conventional current source 17 is Im, the channel resistance of NMOS 

semiconductor device. transistor 19 is Rg, and the resistance of resistance element 

on 21 is R. In this case, the voltage of node N3 is Im (R+Rg). 

DESCRIPTION OF THE PREFERRED ^^^^ g^te-source voltaje (Vgs=extVcc-Im R) of 

EMBODIMENTS NMOS transistor 19 is increased, Rg becomes smaUer. 

An internal power supply voltage generation circuit, an Therefore, the voltage of node N3 is reduced in proportion 

internal voltage generation circuit, and a semiconductor to increase of external power supply voltage extVcc. More 
device according to the present invention will be described 25 specifically, when external power supply voltage extVcc 

hereinafter with reference to the drawings. rises, current source control circuit 5 provides a control 

p. p ... voltage Vcon that is reduced according to the increase from 

^u-st Embodiment ^^^^^^ ^^^^ ^^^^ transistor 15. 

Referring to FIG. 1, an internal voltage-down power Therefore, the current flowing towards NMOS transistor 15 

supply circuit as an internal power supply voltage generation is reduced. This causes the voltage gain of comparator 

circuit of the first embodiment includes a voltage-down circuit (current mirror type amplify circuit 3) to become 

circuit 1, a comparator circuit 3, and a current source control smaller. In the case of decrease in external power supply 

circuit 5. Comparator circuit 3 includes PMOS transistors 7 voltage extVcc, current source control circuit 5 provides a 

and 9, NMOS transistors 11 and 13, and acurrent source 15. control voltage Vcon that is increased according to the 

Current source control circuit 5 includes a constant current decrease to the gate of NMOS transistor 15 from output node 

source 17, an NMOS transistor 19, and a resistance element N3. In response, the current flowing to NMOS transistor 15 

21. is increased, so that the voltage gain of comparator circuit 

Voltage-down circuit 1 is formed of an PMOS transistor. (current mirror type amplify circuit) 3 is also increased. 

Comparator circuit 3 is formed of a current mirror type Thus, the voltage gain of comparator circuit (current mirror 
amplify circuit. An output node Nl of comparator circuit 3 ^ type amplify circuit) 3 becomes smaller as external power 

is connected to the gate of PMOS transistor 1. supply voltage extVcc becomes greater. When external 

The connection of the elements forming comparator cir- power supply voltage extVcc becomes smaUer and the gain 

cuit 3 will be described hereinafter. PMOS transistor 7 and voltage of comparator circuit (current mirror type amplify 

NMOS transistor 11 are connected in series between a node circuit) 3 increases, it is said that the voltage gain of 
having external power supply voltage extVcc and a node N2. 45 comparator circuit (current mirror type amplify circuit) 3 has 

The gate of NMOS transistor 11 receives internal power a negative dependence on external power supply voltage 

supply voltage intVcc generated by PMOS transistor 1. extVcc. As described above, NMOS transistor 19 is used as 

PMOS transistor 9 and NMOS transistor 13 are connected in a resistance element. 

series between a node having external power supply voltage FIG. 2 is a graph showing the relationship between 
extVcc and node N2. The gate of NMOS transistor 13 50 external power supply voltage extVcc and control voltage 

receives a reference voltage Vref. PMOS transistors 7 and 9 Vcon. Control voltage Vcon is plotted along the ordinate, 

have their gates connected to the drain of NMOS transistor and external power supply voltage extVcc is plotted along 

11. Current source 15 is connected between node N2 and a the abscissa. It is appreciated from FIG. 2 that control 

node having ground voltage. Current source 15 is formed of voltage Vcon is reduced as external power supply voltage 
an NMOS transistor. NMOS transistor 15 has its gale 55 extVcc increases. 

connected to an output node N3 of current source control Thus, in the internal voltage-down power supply circuit of 

circuit 5. the first embodiment, the voltage gain of comparator circuit 

The elements forming current source control circuit 5 will (current mirror type amplify circuit) 3 has a negative depen- 
be described hereinafter. A constant cxirrent source 17 is dence on external power supply voltage extVcc. Therefore, 
connected between the node having external power supply 60 increase in the closed loop gain of the internal voltage -down 
voltage extVcc and output node N3. NMOS transistor 19 power supply circuit can be suppressed even when external 
and resistance element 21 are connected in series between power supply voltage extVcc is shifted to a higher level, 
node N3 and the node having ground voltage. External Thus, unnecessary oscillation of internal power supply volt- 
power supply voltage extVcc is applied to the gate of NMOS age intVcc can be prevented when external power supply 
transistor 19. 65 voltage extVcc is shifted to a higher level. 

The operation will be described hereinafter. PMOS tran- In FIG. 1, resistance element 21 can be formed of a MOS 

sistor 1 responds to a voltage provided from output node Nl transistor. In this case, resistance R of the MOS transistor 
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becomes larger as the temperature increases. In contrast, their gates connected to resistance element 25. The current 
when the temperature becomes lower, resistance R becomes source control circuit of the above-described structure pro- 
smaller. Therefore, by implementing resistance element 21 vided control voltage Vcon from output node N3 to the gate 
with a MOS transistor, the voltage of node N3 is reduced of ^fMOS transistor 15 of comparator circuit 3, as shown in 
when the temperature becomes lower. More specifically, 5 FIG. 1, Control voltage Vcon is the voltage of output node 
current source control circuit 5 provides from output node N3. 

N3 a control voltage Vcon that becomes lower in response ^ assumed that the resistance values of resistance 
to a drop in temperature to the gate of NMOS transistor 15. elements 25 and 27 are Rl and R2, respectively, the thresh- 
As a result, the current fiowing to NMOS transistor 15 old voltage of NMOS transistor 29 is Vthn, the constant 
becomes smaller, and the voltage gain of comparator circuit lo current generated from constant current source 23 is Iconst, 
(current mirror type amplify circuit) 3 is reduced. In and the current flowing to NMOS transistor 29 is II. NMOS 
contrast, when the temperature is increased, the voltage of transistor 29 and NMOS transistor 31 form a current mirror 
node N3 becomes higher. More specifically, current source circuit. Here, the ratio of the size of NMOS transistor 31 to 
control circuit 5 provides from output node N3 a control NMOS transistor 29, i.e., the size of NMOS transistor 31/the 
voltage Vcon that becomes higher in response to a rise in 15 size of NMOS transistor 29 is referred to as "k*\ This "k" is 
temperature to the gate of NMOS transistor 15. As a result, tjj^ so-called mirror ratio. 

the current flowing to NMOS transistor 15 is increased, and ^^^^^ ^^^3 ^^^^^^^^ 3^ ^ 

the voltage gam of comparator cu^cuit (current mirror type ^^^^^ ,1 ^h^ ^^^^ ^^^^^^^^ 

amplify circuit) 3 is also mcreased. When the voltage gain ^^^^^^^ ^7 is Vcon/R2. Here, the sum of current (Vcon/R2 

of comparator arcmt (current mirror type amplify circuit) 3 20 resistance element 27 and the current (k II) 

becomes lower in response to reduction m temperature and ^^^^^^^ 3^ 1 ^^^J^ 

becomes greater m response to increase in teinperature, it is ^^^^ j^^^^ ^^^^^^^ ^^^^^^ ^^^^ ^^^^^^^ ^^^^^^ 

said that the voltage gam of comparator circuit (current ^^^^^^ 23. Current U flowing through NMOS transistor 29 

mirror type amplify circuit) 3 has a posiUve dependence on ^ expressed as IlKextVcc-Vthn)/Rl. TTierefore, control 

the temperature, 25 y^i^^^^ Vcon is expressed by the following equation. 

According to a modification of the internal voltage-down 
power supply circuit of the first embodiment, the vohage 

gain of comparator circuit (current mirror type amplify Vcon—(k R2/R1) cxtvcc+(k R2 Vthii/Ri+R2 iconst) 
circuit) 3 has a negative dependence and a positive depen- 
dence on external power supply voltage extVcc and 3° It ^ appreciated from the above equation that increase in 
temperature, respectively. Therefore, increase of the closed external power supply voltage intVcc causes a drop in 
loop gain of the internal voltage-down power supply circuit control voltage Vcon, and decrease in external power supply 
can be suppressed even when external power supply voltage voltage extVcc causes increase of control voltage Vcon. 
extVcc is altered to a higher level and the temperature during More specifically, when external power supply voltage 
operation of the internal voltage-down circuit is low. Thus, ^5 extVcc increases, the current flowing to NMOS transistor 15 
unnecessary oscillation of internal power supply voltage of comparator circuit 3 shown in FIG, 1 becomes smaller, so 
intVcc can be prevented in the case where external power ^^t the voltage gain of comparator circuit (current mirror 
supply voltage extVcc is altered to a high level and the type amplify circuit) 3 becomes lower. In contrast, when 
temperature during operation of the internal voltage-down external power supply voltage extVcc becomes lower, the 
power supply circuit is low. ^ current flowing to NMOS transistor 15 of comparator circuit 

3 becomes greater, so that the voltage gain of comparator 

Second Embodiment circuit (current mirror type amplify circuit) 3 is increased. 

^ , , . . , . . r According to the internal voltage-down power supply 

nievoltage-dovm circuit and comparator arcuit (current ^^^^^j, „f ^^^^ embodiment, the voltage gain of 

mirror type amphfy circuit) of an internal voltage-down ^5 comparator circuit (current mirror type amplify circuit) 3 as 

power supply circuit as an internal power supply voltage ^^own in FIG. I has negative dependence on external power 

generauon circuit of a second embodmient of the present ^ ^^jj^ ^^^y^ Therefore, increase of the closed 

invention are similar to yoltage-down c^cuit 1 and com- j„ -^^^^^ voltage-down power supply circuit 

paratorctrrait (current mirortjye amph^^ be suppressed when external power supply voltage 

fiist embodmient shown m no. 1. The interaal voltage- ^^y^ ^ to a high level. As a result, unnecessary 

down power supply circuit of the second embodiment differs oscillation of internal power supply voltage Iconst can be 

from the internal voltage-down power supply circuit of the prevented when external power supply voltage extVcc is 

first embodiment in a current source control circuit. shifted to a high level 

FIG. 3 is a circuit diagram showing the detail of a current piG. 4 is a circuit diagram showing in detail another 

source control circuit of an internal voltage-down power 55 example of a current source control circuit of the internal 

supply circuit of the second embodiment. voltage-down power supply circuit according to the second 

Referring to FIG. 3, the current source control circuit embodiment. Cbmponents corresponding to those of FIG. 3 

includes resistance elements 25 and 27, NMOS transistors have the same reference characters allotted, and their 

29 and 31, and a constant current source 23. Resistance description will not be repeated. 

element 25 and NMOS transistor 29 are connected in series 60 Referring to FIG. 4, the current source control circuit has 

between the node having external power supply voltage a PMOS transistor 33 instead of resistance element 25 of 

extVcc and the node having ground voltage. Constant cur- FIG. 3, and an NMOS transistor 35 instead of resistance 

rent source 23 is connected between the node having exter- element 27 of FIG. 3. More specifically, PMOS transistor 33 

nal power supply voltage extVcc and output node N3. and NMOS transistor 29 are connected in series between the 

NMOS transistor 31 and resistance element 27 are con- 65 node having external power supply voltage extVcc and the 

nected in parallel between output node N3 and the node node having the ground voltage. The ground voltage is 

having ground voltage. NMOS transistors 29 and 31 have applied to the gate of PMOS transistor 33. NMOS transistor 



6,064,275 

9 10 

31 and NMOS transistor 35 are connected in parallel signal (pulse voltage) CLK oscillated from ring oscillator 

between node N3 and the node having the ground voltage. 39. Current source control circuit 5 of FIG. 1, current source 

External power supply voltage extVcc is applied to the gate control circuit of FIG. 3, or the current source control circuit 

of NMOS transistor 35. of FIG. 4 can be used as oscillation control circuit 41. 

The current source control circuit of FIG. 3 differs from 5 Although external power supply voltage extVcc is used as 

the current source control circuit of FIG, 4 in the elements the power supply voltage in the current source control 

used as the resistance. Therefore, the internal voltage-down circuits of FIGS. 1, 3 and 4, the power supply voltage of 

power supply circuit employing the current source control oscillation control circuit 41 of FIG. 5 may be external 

circuit of FIG. 4 provides advantages similar to those of the power supply voltage extVcc, or internal power supply 

internal voltage-down power supply circuit employing the 10 voltage intVcc. 

current source control circuit of FIG. 3. Oscillation control circuit 41 responds to a drop in power 

supply voltage Vcc to control ring oscillator 39 so that the 

llurd Embodiment frequency of clock signal (pulse vohage) CLK becomes 

First, a substrate voltage generation circuit and a boosted higher according to the drop of power supply voltage Vcc. 

voltage generation circuit as a conventional internal voltage A higher frequency of clock signal CLK from ring oscillator 

generation circuit will be described. Here, a substrate volt- 39 causes increase of the number of operations of piunp 

age generation circuit includes a negative value, and serves circuit 37 per unit time. Therefore, the time required for 

to generate a substrate voltage to be supplied to the semi- substrate voltage Vbb to arrive at a predetermined voltage 

conductor substrate. The boosted voltage generation circuit level in the case of a drop in power supply voltage Vcc can 

serves to generate a boosted voltage having a value greater be prevented from increasing. The details thereof will be 

than power supply voltage Vcc. The conventional substrate described hereinafter. 

voltage generation circuit includes a ring oscillator circuit FIG. 6 shows the detail of ring oscillator 39 of FIG. 5. 

and a pump circuit. The pump circuit operates according to Referring to FIG. 6, ring oscillator 39 is formed having an 

clock signal CLK oscillated by the ring oscillator circuit to odd number of inverters connected in series. Each inverter 

generate a substrate voltage Vbb. The same can be said for ^ includes a PMOS transistor 43 and an NMOS transistor 45. 

the boosted voltage generation circuit. The output node of the inverter of the last stage (the output 

When power supply voltage Vcc that drives the pump node of the ring oscillator) is connected to the input node of 

circuit is lowered, the pump eflSciency is reduced. The pump the inverter of the first stage. Furthermore, an NMOS 

efficiency is expressed as (the current flowing to the output transistor 47 is provided corresponding to each inverter, 

terminal of the pump circuit)/(current consumed by the NMOS transistor 47 is connected between the inverter 

pump circuit). Also, reduction in power supply voltage Vcc formed of PMOS transistor 43 and NMOS transistor 45 and 

driving the pump circuit causes reduction in the pump the node having the ground voltage. The gate of NMOS 

amount per one period of the clock signal CLK. The pump transistor 47 is connected to output node N3 (FIG. 1, FIG. 

amoxmt implies the current flowing through the output 35 3, or FIG. 4) of oscillation control circuit 41. More 

terminal of the pump circuit. Thus, there is a problem that, specifically, control voltage Vcon from oscillation control 

when power supply voltage Vcc is altered to a low level, the circuit 41 is applied to the gate of NMOS transistor 47. The 

time for substrate voltage Vbb generated from the pump odd number of NMOS transistors 47 provided correspond- 

circuit or boosted voltage Vpp to arrive at a predetermined ing to the odd number of inverters form a current control 

voltage level becomes longer than the case where the power ^ circuit. When power supply voltage Vcc becomes lower, 

supply voltage Vcc atuins a high level. The boosted voltage oscillation control circuit 41 provides control voltage Vcon 

generation circuit and the substrate voltage generation cir- that is increased according to the drop to NMOS transistor 

cuit as the internal voltage generation circuit of the third 47. Therefore, a drop in power supply voltage Vcc causes 

embodiment are directed to solve this problem. Accordingly, increase in the voltage flowing to NMOS transistor 47. As a 

the internal voltage generation circuit (substrate voltage result, the delay time of the output of the inverter formed of 

generation circuit, boosted voltage generation circuit) PMOS transistor 43 and NMOS transistor 45 is reduced, and 

according to the third embodiment of the present invention the frequency of clock signal CLK becomes higher. When 

includes a circuit identical to current source control circuit power supply voltage Vcc is increased, oscillation control 

5 of FIG. 1, a circuit identical to the current source control circuit 41 provides control voltage Vcon that is reduced 

circuit of FIG. 3, or a circuit identical to the current source according to the increase to the gate of NMOS transistor 47. 

control circuit of FIG. 4. The details will be described Therefore, increase of power supply voltage Vcc causes the 

hereinafter. current flowing to NMOS transistor 47 to be reduced. As a 

RG. 5 is a schematic block diagram of the internal result, the delay time of the inverter output is increased, and 

voltage generation circuit of the third embodiment. The the frequency of clock signal CLK becomes lower. Thus, 

internal voltage generation circuit of FIG. 5 can be consid- 55 when power supply voltage Vcc is reduced and increased to 

ered as a substrate voltage generation circuit generating result in a higher and lower, respectively, frequency of clock 

substrate voltage Vbb, and also as a boosted voltage gen- signal CLK, it is said that the oscillation frequency of ring 

eration circuit that generates boosted voltage Vpp. oscillator 39 has. a negative dependence on power supply 

Referring to FIG. 5, an internal voltage generation circuit voltage Vcc. 

according to the third embodiment of the present invention 60 The same applies to the case where the internal voltage 

includes a pump circuit 37, a ring oscillator 39, and an generation circuit of FIG. 5 is a boosted voltage generation 

oscillation control circuit 41. Description will be provided circuit. 

assuming that the internal voltage generation circuit of FIG. In the internal voltage generation circuit (substrate volt- 

5 is a substrate voltage generation circuit. Pump circuit 37 age generation circuit, boosted voltage generation circuit) of 

generates substrate voltage Vbb according to a clock signal 65 the third embodiment, the oscillation frequency of ring 

(pulse voltage) CLK oscillated from ring oscillator 39. oscillator 39 has a negative dependence on power supply 

Oscillation control circuit 41 controls the frequency of clock voltage Vcc. Therefore, the frequency of clock signal CLK 
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oscillated from ring oscillator 39 becomes higher even when Referring to FIG. 8, the semiconductor device of the 

the power supply voltage Vcc is shifted to a low level and fourth embodiment includes an internal voltage-down power 

the pump amount per one operation of pump circuit 37 is supply circuit 65 and a control circuit group (internal circuit) 

reduced. Therefore, a sufficient pump amount can be 63. Internal voltage-down power supply circuit 65 includes 

achieved. In the internal voltage generation circuit (substrate 5 a voltage-down circuit 1 and a comparator circuit 67. 

voltage generation circuit, boosted voltage generation Voltage-down circuit 1 is formed of a PMOS transistor, and 

circuit) of the third embodiment, the time required for the is similar to voltage-down circuit 1 of FIG. 1. Comparator 

internal voltage (substrate voltage Vbb, boosted voltage circuit 67 is formed of a current mirror type amplify circuit, 

Vpp) to attain a predetermined voltage level can be sup- and is similar to comparator circuit 3 of HG. 1, provided that 

pressed from increasing even when the power supply volt- 10 ^ constant current «)urce 69 generating a constant current is 

age Vcc is altered to a low level. ^^P^^i^^^'^lf current «)urce 15 of comparator circuit 

r-.^ m • • . j« t. • X e 3 01 rIG. 1. More specifically, comparator circuit 67 
• l"^ ' ^i^'j'TTu'*'''^^ f""?"^' example of pj^^^ transistors 7 and 9, NMOS transLstois 11 
ring osciUator 39 (FIG, 5) of the internal voltage generation ^ ^ ^^^^^^^^ ^^^^ ^9 Internal voltage- 
circuit (substrate voltage generation circuit, boosted voltage p^^^, ^^ppjy ^^^^^ 55 ^ ^^ranged in the proximity 
generation arcuit) according to the third embodiment. Cor- 15 of an external power supply pad not shown which is located 
responding components have the same reference characters at the chip end. Therefore, internal voltage-down power 
allotted, and their description will not be repeated. supply circuit 65 is arranged remote from control circuit 

Referring to FIG. 7, a ring oscillation includes a PMOS group 63, Here, the external power supply pad not shown 
transistor 49 between PMOS transistor 43 and the node serves to supply external power supply voltage extVcc to 
having power supply voltage Vcc, and a PMOS control 20 internal voltage-down power supply circuit 65. 
circuit 51. PMOS control circuit 51 forms a current control Internal voltage-down power supply circuit 65 is con- 
circuit with the odd number of PMOS transistors 49 and the nected to control circuit group 63 by a power line 71. 
odd number of NMOS transistors 47. PMOS control circuit Internal power supply voltage intVcc generated in internal 
51 includes PMOS transistors 53 and 55, an NMOS Iran- voltage-down power supply circuit 65 is supplied to control 
sistor 57, and a constant current source 59. PMOS transistor 25 circuit group 63 via power line 71. Control circuit group 63 
53 and NMOS transistor 57 are connected in series between includes a plurality of control circuits, and operates with 
the node having power supply voltage Vcc and the node P^^^"" supply voltage intVcc as the power supply 
having ground voltage. Control voltage Vcon from oscilla- ^^^^^p; g^^^ ^MOS transistor 11 of comparator 
tion control circuit 41 is appUed to the gate of NMOS circuit 67 is comiected to power bne 71 in the proximity of 
transistor 57. PMOS transistor 55 and constant current 30 control circuit group 63 as shown by arrow V2 by a 
source 59 are connected in series between the node having conductor line 73 Conductor Ime 73 is a sense line, for 
power supply voltage Vcc and the node having the ground example Power line 71 (arrow VI) m the proxmiity of 
voltage. PMOS transistors 53 and 55 have their gates voltage-down curcuit lis not connected to the gate of NMOS 
connected to the drain of NMOS transistor 57. Output node transistor 11 as in the conventional case. 
N4 of PMOS control circuit 51 is connected to the gate of 35 Here, as shown in FIG. 8, conductor hne 73 is connected 
PMOS transistor 49. to power line 71 only in the proximity of control circuit 

Cbntrol voltage Vcon appUed to the gate of NMOS group 63 (indicated by arrow V2). Therefore, conductor line 

transistor 57 of PMOS control circuit 51 is a voltage that is '^^ ^ be connected to power Ime 71 at locations other 

increased according to a drop, if any, of power supply than in the proxmiity of control circuit group 63, When 

voltage Vcc. Therefore, a drop in power supply voltage Vcc 40 conductor Ime 73 is connected to power hne 71 m the 

causes increase of control voltage Vcon, so that voltage Vp Proximity of control circuit group 63, conductor line 73 will 

provided from output node N4 of PMOS control circuit 51 be connected to power line 71 at locations other than in 

is decreased. Therefore, the current flowing to PMOS tran- the proximity of control cu-cuit group 63. 

sistor 49 is increased, and the delay time of the inverter '^he operation of comparator cu-cuit 67 will be described 

output is reduced. Thus, the frequency of clock signal CLK 45 briefly. Internal power supply voltage intVcc is applied to 

from the ring oscillator becomes higher when power supply the gate of NMOS transistor 11 of comparator circuit 67. 

voltage Vcc is reduced. Reference voltage Vref is applied to the gate of NMOS 

The ring oscillator of FIG. 6 has negative dependence on transistor 13. When internal power supply voltage intVcc 

power supply voltage Vcc also in the ring osciUator (FIG. 7) ^PP^^^ to NMOS transistor 11 becomes lower than refer- 

including an odd number of PMOS transistors 49 and PMOS 50 ence voltage Vref, comparator circuit 67 provides a voltage 

control circuit 51. Therefore, an advantage similar to the ^° ^ ^^^^^ ^^"^ ^^^P^^ S^^^ PMOS 

case where the ring oscUlator of FIG. 6 is used as ring transistor 1. In response, PMOS transistor 1 is turned on to 

oscillator 39 can be provided even when the ring oscUlator down-convert external power supply voltage extVcc and 

of FIG. 7 is used as ring oscillator 39 of the internal voltage generate mtemal power supply voltage intVCC, In other 

generation circuit (substrate voltage generation circuit, 55 words, mtemal power supply voltage mtVcc is increased, 

boosted voltage generation circuit) of the third embodiment. ^hen internal power supply voltage intVcc appUed to the 

In the ring oscillator of FIG. 71 NMOS transistor 47 can be g^te of NMOS transistor 11 mcreases to the level of refer- 

removed, and the source of NMOS transistor 45 can be ^^^tage Vref, comparator circuit 67 provides a voltage 

connected to the node having ground voltage. In this case, a ^ " level from output node Nl to the gate of PMOS 

similar advantage can be obtained since the osciUation 60 transistor 1. Therefore, PMOS transistor 1 is turned off. As 

frequency of the ring oscillator has a negative dependence ^ ^^^t, internal power supply voltage intVcc is stable at a 

on power supply voltage Vcc. ^^^^^ ^^^^^ to reference voltage Vref. In contrast to the 

above-described general operation of an internal voltage- 
Fourth Embodiment down power supply circuit, characteristic operations thereof 

FIG. 8 shows a semiconductor device according to a 65 will be described hereinafter, 

fourth embodiment, particularly an internal voltage-down FIG. 9 is a diagram for describing the operation of internal 

power supply circuit. voltage-down power supply circuit 65 of FIG. 8. Time is 
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plotted along the abscissa, and internal power supply voltage semiconductor of the fourth embodiment, variation of inter- 
intVcc is plotted along the ordinate. The curve labeled VI in nal power supply voltage intVcc in the proximity of control 
FIG. 9 corresponds to arrow VI of FIG. 8, and indicates the circuit group 63 (arrow V2) can be reduced. This means that 
variation of internal power supply voltage inlVcc at power internal voltage-down power supply circuit 65 in the semi- 
line 71 in the proximity of voltage-down circuit 1. The curve 5 conductor device of the fourth embodiment has favorable 
labeled V2 in FIG. 9 corresponds to arrow V2 of FIG. 8, and followability v^th respect to variation in internal power 
shows the variation of internal power supply voltage intVcc supply voltage intVcc in the proximity of control circuit 
of power line 71 in the proximity of control circuit group 63. group 63 (arrow V2). 
The curve labeled V3 in FIG. 9 corresponds to arrow V3 of 

FIG. 8, and indicates the variation of internal power supply 10 Fifth Embodiment 

voltage intVcc of conductor Une 73 in the proximity of FIG. 10 shows a semiconductor device according to a fifth 

NMOS transistor 11 . embodiment of the present invention, particularly an internal 

The operation will be descnbed with reference to FIGS. voltage^own power supply circuit. Components corre- 

8 and 9. Control circuit group 63 operates during an arbitrary sponding to those of HG. 8 have the same reference 

period of a term T. Internal power supply voltage intVcc 15 characters allotted, and their description will not be 

attains a level equal to reference voltage Vref prior to repeated 

operatioD of control circuit group 63^This reference voltage r^j^^j^j ,^ p,Q ^ semiconductor device according to 

Vref IS referred to as set voltage hereinafter. In response ^ embodiment of the present invention includes an 

to operation of control circuit group 63, internal power ^^^^^^ voltage-down power supply circuit 77. and a control 

supply voltage mtVcc in the proximity of voltage-down 20 ^^.^^^ group(intemal circuit) 63. Internal voltage-down 

circuit 1 (arrow VI). m the pro«mity of ^ntrol circuit group ^ .^^^^^^ ^ circuit-down circuit 1, a 

63 (arrow y2)^ and m the proximity of NMOS transistor 11 comparator circuit 67, and a reference voltage control circuit 

(arrow V3) begms to drop. Here, the current flowmg to 75 Reference voltage control circuit 75 includes a low pass 

power Ime 71 mcreases as power consumption of control gj^^^ ^ ^^^^ ^^^^^^ ^^^^ 

Circuit group 63 is mcreased. Therefore, the difference 25 , j. , • i , 

between the level of the internal power supply voltage in the Excluding low pass filter 81, mtemal voltage-down power 

proximity of voltage-down circuit 1 (arrow VI) and the level ^"PP^^ >^ P^^^^f^^^^ ^" f ^^^"^^^ 
of the internal power supply voltage in the proximity of P°^^^ ^^^^ P^^, |° supply external power 
control circuit group 63 (arrow V2) becomes greater. No ^^P^.^ voltage extVcc to mterna vo tage-down power sup- 
current flows through conductor line 73. Therefore, even 30 P V ™t 77. Therefore, internal voltage-down power sup- 
when conductor Hne 73 is formed of a thin wiring with and P^^ ^^^"^^ ^/^"^^f 5?°^ control circuit group 63, except 
the resistance is great, the level of internal power supply 1°^, P^^ 81. The external power supply pad not 
voltage in the proximity of control circuit group 63 (arrow ^ ^*^*P 

V2) is substantially equal to the level of the internal power I°^e™al power supply voltage intVcc of power line 71 in 

supply voltage in the proximity of NMOS transistor 11 35 the proximity of voltage^own circuit 1, as shown by arrow 

(arrow V3). Therefore, variation in internal power supply ^ applied to the gate of NMOS transistor 11 of com- 

voltage intVcc in the proximity of control circuit group 63 P^^^or circuit 61. Reference voltage VrefA from Vref con- 

(arrow V2) is reflected by comparator circuit 67, More ^rol circuit 75 is applied to the gate of NMOS transistor 13 

specifically, comparator circuit 67 operates according to comparator circuit 67. Internal power supply voltage 

variation in the internal power supply voltage (arrow V2) in 40 ^^^^^ P^^er supply line 71 in the proximity of control 

the proximity of control circuit group 63. As a result, ^""^^^^ group 63, as shown by (arrow V2) is applied to Vref 

voltage-down circuit 1 generates internal power supply control circuit 79 via low pass filter 81 and conductor line 

vohage intVcc according to variation of internal power ^' Vref control circuit 79 also receives a reference voltage 

supply voltage intVcc (arrow V2) in the proximity of control ^refB. Reference voltage VrefA having a level according to 

circuit group 63 45 variation in internal power supply voltage intVcc in the 

TTius, according to the semiconductor device of the fourth P^o^i^ity of control circuit group 63 (arrow V2) is applied 

embodiment, a voltage of a level substantially equal to the ^°,'!^tS^!f,?^^ NMOS transistor 13 by Vref control circuit 79, 

internal power supply voltage (arrow V2) in the proximity of ^.^^^^ ^^"^^ ^ ^^^^^ afterwards. Ixw pass filter 

control circuit group 63 is applied to the gate of NMOS ^^^^ ^PP^^y M«e°cy components of mtemal 

transistor 11. Therefore, when control circuit group 63 so power supply voltage mtVcc to Vref control circuit 79. 

operates and internal power supply voltage intVcc becomes ^^^^ ^""^^^ diagram showing m detail Vref control 

lower, the output of comparator circuit 67 is greatly ampU- c""C"it 79 of FIG. 10. Components in FIG. 11 corresponding 

fied towards the L level in comparison to the case of a ^o those of FIG. 10 have the same reference characters 

conventional semiconductor device (FIG. 14) where internal allotted, and their description will not be repeated, 

power supply voltage intVcc in the proximity of voltage- 55 Referring to FIG. 11, Vref control circuit 79 includes a 

down circuit 1 (arrow VI) is applied to the gate of NMOS comparator circuit 91, an NMOS transistor 93, a constant 

transistor 11. Therefore, the channel resistance of PMOS current source 85, and resistance elements 87 and 89. 

transistor 1 becomes lower than in a conventional semicon- Constant current source 85 is connected between the node 

ductor device (FIG. 14) when internal power supply voltage having external power supply voltage extVcc and a node N5. 

intVcc is reduced. As a result, the drop dV of the internal 60 NMOS transistor 93 and resistance element 87 is connected 

power supply voltage in the proximity of control circuit in parallel between node N5 and node N6. NMOS transistor 

group 63 (arrow V2) becomes smaller than that of a con- 93 has its gate connected to the output node of comparator 

ventional semiconductor device (FIG. 14) when control circuit 91. Resistance element 89 is connected between node 

circuit group 63 is operated. More specifically, since an N6 and the node having the ground voltage. Comparator 

internal voltage-down power circuit 65 that reflects variation 65 circuit 91 has one input node connected to conductor line 83. 

of internal power supply voltage intVcc in the proximity of More specifically, internal power supply voltage intVcc in 

control circuit group 63 (arrow V2) is provided in the the proximity of control circuit group 63 (arrow V2) is 
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applied to one input node of comparator circuit 91 via low When control circuit group 63 operates and internal 

pass filter 81. Comparator circuit 91 has the other input node power supply voltage intVcc in the proximity thereof (aaow 

connected to node N6. Reference voltage VrefB is applied to V2) decreases, reference voltage VrefA becomes higher than 

node N6. In other words, reference voltage VrefB is applied reference voltage VrefB, and the increased reference voltage 

to the other input node of comparator circuit 91. Node N5 is 5 VrefA is applied to the gate of NMOS transistor 13 (FIG. 

the output node of Vref control circuit 79. Reference voltage 10). As a result, the output of comparator circuit 67 (FIG. 10) 

VrefA is applied from this output node to the gate of NMOS is greatly amplified towards the L level, whereby the channel 

transistor 13 (FIG. 10). resistance of PMOS transistor 1 (FIG. 10) becomes smaller 

FIG. 12 is a graph for describing the operation of internal than the case where reference voltage fixed to the gate of 

voltage-down power supply circuit 77 of FIG. 10. Time is NMOS transistor 13 is applied. Thus, the drop dV of internal 

plotted along the abscissa, and the voltage is plotted along power supply voltage intVcc during operation of control 

the ordinate. This curve labeled VI in FIG. 12 corresponds circuit group 63 is smaller than the case where a reference 

to arrow VI of FIG. 10, and indicates the variation of voltage fixed to the gate of NMOS transistor 13 is applied, 

internal power supply voltage intVcc in the proximity of When the operation of control circuit group 63 ends, 

voltage-down circuit 1. The curve labeled V2 of FIG. 12 reference voltage VrefA becomes equal to reference voltage 

corresponds to arrow V2 of FIG. 10, and indicates the VrefB. Therefore, the level of internal power supply voltage 

variation of internal power supply voltage intVcc in the intVcc becomes equal to the level of reference voltage Vref. 

proximity of control circuit group 63. The curve labeled V4 in the semiconductor device of the fifth embodiment, the 

of FIG. 12 indicates the variation of internal power supply level of reference voltage VrefA appUed to the gate of 

voltage intVcc in the proximity (arrow V2) of control circuit n^OS transistor 13 of comparator circuit 67 is varied 

CT?nx^^;^^^^^*^^^PP.^fii^^^^^^ ^° according to a change in internal power supply voltage 

(FIG. 10) via low pass filter U (FIG. 10). ^^y^^ (^^^^ V2) in the proximity of control circuit group 

The operation of internal voltage-down power supply 53 ^ore specifically, internal power supply voltage intVcc 

nV^'^ 7a ?I ^ described with reference to ^e generated according to variation in internal power 

FIGS. 10^12. Control circuit group 63 operates during an j ^^^^^ ^ ^^^^^ ^2) of control 

art)itrary time penod of term TW^^ 25 J^^^ ^3 ^^^^ '^^^ foUowability with 

63 does not operate, the voltage (arrow V4) applied to one ... • • , , , • • 

input node of comparator circuit 91 (FIG. 11) via conductor ""P**" ^. "^Z^f power supply vohagc mtV« m 

line 83 attains a level equal to that of reference voltage ^"^^"^'^^ ^'^^ °^ """""^ ^ 

VrefB. Here, when the voltage applied to the one input node supenor. ... . . 

of comparator circuit 91 via conductor Une 83 is equal to 30 ^^^^^S^ P^^^°^ mvention has been descnbed and 

reference voltage VrefB appUed to the other input node of illustrated in detail, it is clearly understood that the same is 

comparator circuit 91, an offset is provided in comparator illustration and example only and is not to be 

circuit 91 so that the output voltage of comparator circuit 91 ^^^y imitation, the spuit and scope of the present 

attains an H level. In response to a voltage of an H level ™tion being hmited only by the terms of the appended 

applied to the gate, NMOS transistor 93 is turned on. 35 *^jf' . , - , ■ 

Therefore, the voltage of node N5 becomes equal to that of y^^^ ^ claimed is: . . . ^ 

node N6. More specifically, reference voltage VrefA pro- . ^' ^ "^^^"^^^ ^^l^^g^. generation circuit for generatmg an 

vided fi-om node N5 becomes equal to that of reference "'^^'"^^ ^^^^^^e, compnsing: 

voltage VrefB. More specifically, when control circuit group osciUation means for oscillatmg a pulse voltage according 

63 is not operating, reference voltage VrefA applied to the 40 *° ^ P^^^*" ^^PP^^ voltage, 

gate of NMOS transistor 13 (FIG. 10) is equal to reference P^mp means for generating said internal voltage accord- 
voltage VrefB. Therefore, internal power supply voltage ing lo said pulse voltage, and 

intVcc is equal to reference voltage VrefB when control oscillation control means, including a current mirror type 

circuit group 63 does not operate. amplifier, for controlling said oscillation means so that. 

When control circuit group 63 operates during term T, 45 when said power supply voltage is reduced, a fre- 

internal power supply voltage intVcc in the proximity quency of said pulse voltage becomes higher according 

(arrow y2) of control circuit group 63 begins to fall from the to said reduction of said power supply voltage, and 

level of reference voltage VrefB due to the current flowing when said power supply voltage is increased, the fre- 

to control circuit group 63. The low firequency components quency of said pulse voltage becomes lower according 

of internal power supply voltage intVcc in the proximity 50 to said increase. 

(arrow V2) of control circuit group 63 are applied to Vref 2. The intemal voltage generation circuit according to 

control circuit 79 (comparator circuit) 91. When control claim 1, wherein said oscillation control means generates a 

circuit group 63 operates and the internal power supply control voltage that is, when said power supply voltage is 

voltage is decreased, and when the low frequency compo- increased, reduced according to said increase, and when said 

nents of intemal power supply voltage inlVcc in the prox- 55 power supply voltage is reduced, increased according to said 

imity of control circuit group 63 (arrow V2) are applied to reduction, 

one input node of comparator circuit 91 via a low pass filter wherein said oscillation means comprises 

81, comparator circuit 91 provides a voltage of an L level. a plurality of inverters, and 

NMOS transistor 93 (FIG. 11) receiving a voltage of an L current control means for controlling current flowing 

level at its gate is turned off. Therefore, the vohage of node 60 through said plurality of inverters, 

N5 becomes higher than the voltage of node N6. More wherein said current control means conducts said cur- 

specifically, the voltage of node N5 becomes higher than the rent of a magnitude according to a level of said 

voltage of node N6 by Im Rt where Im is the constant current control voltage to said plurality of inverters, 

generated from constant current source 85, and Rt is the 3. The internal-voltage generation circuit according to 

resistance value of resistance element 87. This means that 65 claim 2, wherein said oscillation control means comprises 

reference voltage VrefA becomes higher than reference a constant current source for generating a constant 

voltage VrefB by Im Rl. current, and 
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resistance means connected to said constant current 
source, 

wherein said resistance means includes a resistance ele- 
ment having a resistance value that is, when said power 
supply voltage is increased, reduced according to said ^ 
increase, and when said power supply voltage is 
reduced, increased according to said reduction, 

wherein said control voltage is provided from a node of 
said constant current source and said resistance means. 

4. An internal voltage generation circuit for generating an 
internal voltage, comprising: 

oscillation means for oscillating a pulse voltage according 
to a power supply voltage, 

pump means for generating said internal voltage accord- ^5 
ing to said pulse voltage, and 

oscillation control means for controlling said oscillation 
means so that, when said power supply voltage is 
reduced, a frequency of said pulse voltage becomes 
higher according to said reduction of said power supply 20 
voltage, and when said power supply voltage is 
increased, the frequency of said pulse voltage becomes 
lower according to said increase, 

wherein said oscillation control means generates a control 
voltage that is, when said power supply voltage is 25 
increased, reduced according to said increase, and 
when said power supply voltage is reduced, increased 
according to the reduction, 

wherein said oscillation means comprises 
a plurality of inverters, and 

current control means for controlling current flowing 
through said plurality of inverters, 

wherein said current control means conducts said cur- 
rent of a magnitude according to a level of said 
control voltage to said plurality of inverters, and 
wherein said oscillation control means comprises 

a first resistance element connected between a node 
having said power supply voltage and a first node, 

a first transistor connected between said first node and ^ 
a node having ground voltage, 

a constant current source connected between said node 
having said power supply voltage and a second node, 

a second transistor connected between said second 
node and said node having said ground voltage, and 
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a second resistance element connected between said 
second node and said node having said ground 
voltage, 

wherein control electrodes of said first and second 
transistors are connected to said first node, and 

wherein said control voltage is provided firom said 
second node. 

5. An internal voltage generation circuit for generating an 
internal voltage, comprising: 

oscillation means for oscillating a pulse voltage according 
to a power supply voltage, said oscillation means 
comprising 

a plurality of inverters each comprising a pair of 
transistors, 

current control means for controlling cmrent flowing to 
said plurality of inverters, said control means being 
connected to a source region of only one of the 
transistors of each said inverter, 

pump means for generating said internal voltage 
according to said pulse voltage, and 

oscillation control means for controlling said oscilla- 
tion means so that, when said power supply voltage 
is reduced, a frequency of said pulse voltage 
becomes higher according to said reduction of said 
power supply vohage, and when said power supply 
voltage is increased, the frequency of said pulse 
voltage becomes lower according to said increase. 

6. An internal voltage generation circuit for generating an 
internal voltage, comprising: 

oscillation means for oscillating a pulse voltage according 
to a power supply voltage, 

pump means for generating said internal voltage accord- 
ing to said pulse voltage, and 

oscillation control means for controlling said oscillation 
means based on at least two kinds of control voltages 
so that, when said power supply voltage is reduced, a 
frequency of said pulse voltage becomes higher accord- 
ing to said reduction of said power supply voltage, and 
when said power supply voltage is increased, the fre- 
quency of said pulse voltage becomes lower according 
to said increase. 

m * * * * 
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[57] ABSTRACT 

An improved ring oscillator (10, 70) includes a first, second 
and third current starved inverters (12, 14, 16) coupled in a 
ring, a first fast inverter (40) coupled between the second 
and third current starved inverters (14, 16), and a second fast 
inverter (45) coupled between the third and first current 
starved inverters (14, 16). An output buffer (30) coupled to 
the ring provides an output periodic waveform. 

12 Claims, 2 Drawing Slieets 
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RING OSCILLATOR 

This application claims priority under 35 USC 119 (e) (1) 
of provisional application No. 60/053,818, filed Jul. 25, 
1997. 5 

TECHNICAL HELD OF THE INVENTION 



10 



This invention is related in general to the field of elec- 
tronic circuits. More particularly, the invention is related to 
an improved ring oscillator. 

BACKGROUND OF THE INVENTION 

In the typical ring oscillator configuration, three inverters 
operating in a current starved mode are connected in a ring. 15 
The gate capacitances of the inverters are sequentially 
charged and discharged. Decreasing the peak available 
charging current increases the time to charge and discharge 
the gate capacitance and thus decreases the frequency of the 
generated periodic output waveform. Current starving the 20 
inverters in the ring slows down the output waveform edges 
of the inverters and keeps the transistors forming the invert- 
ers operating in a linear analog region. A linear analog 
oscillation mode exists if the ring oscillator operates in the 
linear region all of the time, if the electric length around the 25 
ring equals zero degrees, and if the gain around the ring is 
greater than zero dB. When the linear analog oscillation 
mode exists, the output periodic waveform of the ring 
oscillator exhibits a second higher oscillation frequency or 
non-harmonically related spurs or jitter. This phenomenon 30 
has been termed "moding" in the industry. Further, the two 
modes of oscillation at two frequencies may exhibit an 
injection locking condition that results in impredictable 
behavior in the output waveform frequency. 

Because ring oscillators are used as the voltage controlled 35 
oscillator in phase locked loop circuits commonly used in 
many industrial, automotive, and telecommunications 
applications, unpredictable behaviors such as moding and 
injection locking are highly undesirable. 

40 

SUMMARY OF THE INVENTION 

Accordingly, there is a need for an improved ring oscil- 
lator that does not exhibit the undesirable moding behavior. 

In accordance with the present invention, an improved 
ring oscillator is provided which eliminates or substantially 
reduces the disadvantages associated with prior ring oscil- 
lators. 

In one aspect of the invention, an improved ring oscillator 
includes a first, second and third current starved inverters 50 
coupled in a ring, a first switch coupled between the second 
and third current starved inverters and a second switch 
coupled between the third and first current starved inverters. 
An output buffer coupled to the ring provides an output 
periodic waveform. 

In another aspect of the invention, an improved ring 
oscillator includes first, second and third current starved 
CMOS inverters coupled in a ring, a first switch coupled 
between the second and third current starved inverters, and 
a second switch coupled between the third and first current go 
starved inverters. The first and second switches each 
includes a pMOS transistor coupled to a power supply 
voltage, and an nMOS transistor coupled to the pMOS 
transistor and ground. An output buffer is further coupled to 
the ring for outputting a periodic waveform. 55 

In yet another aspect of the invention, a method for 
improving a ring oscillator which has a first, second and 



third current starved inverters coupled in a ring configura- 
tion includes the steps of inserting a first switch between the 
second and third inverters, inserting a second switch 
between the third and first inverters^ and closing the first and 
second switches at different times so that there is always a 
discontinuity in the ring configuration. Aperiodic waveform 
is outputted between the second switch and the third current 
starved inverter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

For a better understanding of the present invention, ref- 
erence may be made to the accompanying drawings, in 
which: 

FIG. 1 is a schematic diagram of an embodiment of an 
improved ring oscillator according to the teachings of the 
present invention; and 

FIG. 2 is a schematic diagram of a second embodiment of 
an improved ring oscillator according to the teachings of the 
present invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

The preferred embodiments of the present invention are 
illustrated in FIGS. 1 and 2, like reference numerals being 
used to refer to like and corresponding parts of the various 
drawings. 

Referring to FIG. 1, a embodiment of an improved ring 
oscillator 10 constructed according to the teachings of the 
present invention is shown. Improved osciUator 10 is a 
CMOS circuit which includes a first, second and third 
inverters 12-16 coupled in series. Inverter 12 is further 
coupled to a power supply voltage, W^Dy through a pMOS 
transistor 18 and to ground through an NMOS transistor 20. 
Similarly, inverter 14 is also coupled to V^^ through a 
pMOS transistor 22, and to ground through an nMOS 
transistor 24. Inverter 16 is coupled to V^£> through a pMOS 
transistor 26, and to ground through an nMOS transistor 28. 
Bias voltages, PCH and NCH, are maintained at levels 
sufficient to turn on the respective pMOS and nMOS tran- 
sistors coupled to each inverter 12-16 that function to 
change the rate at which the gate capacitances of each 
inverter charge and discharge. Inverters 12-16 operate in a 
current starved mode by adjusting the bias vohage levels, 
PCH and NCH. In addition, an output buffer 30 is coupled 
between second and third inverters 14 and 16 from which an 
output periodic waveform, VCO, is generated. 

The circuit described above is a typical ring oscillator 
configuration which suffers from undesirable moding and 
injection locking conditions. According to the teachings of 
the present invention, two fast buffers 40 and 45 are inserted 
in the ring oscillator to cut off the analog oscillation mode 
by limiting the amount of time the oscillator spends in the 
linear region. Fast inverter 40 includes a pMOS transistor 42 
coupled to an nMOS transistor 44 between ^dd ground. 
Fast inverter 40 is coupled between second and third inverter 
14 and 16. Fast inverter 45 is coupled between third inverter 
16 and first inverter 12. Fast inverter 45 includes a pMOS 
transistor 46 and an nMOS transistor 48 coupled between 
V^)^ and ground. 

In operation, fast inverters 40 and 45 function as switches 
50 and 52 (shown for illustration purposes only). For an 
oscillation mode at 220 MHZ with a 45 ns period and a fast 
inverter edge of 0.5 ns, the fast inverter is in the linear region 
for only 3.6 degrees of the 220 MHZ oscillation. 
Consequently, it is not in the linear region long enough for 
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the analog oscillation mode to get excited. Further disrup- a third pMOS transistor coupled in parallel with the 

tion of the analog oscillation mode is obtained by staggering second pMOS transistor and between the power supply 

fast inverters 40 and 45 to switch (open and close) at voltage and the pMOS transistor, and being gated by 

different times. Because switches 50 and 52 never close at the first predetermined bias voltage; and 

the same time, the analog feedback loop is thus discon- 5 a third nMOS transistor coupled in paraUel with the 

second nMOS transistor and between the nMOS tran- 

nG.2 is a schematic diagram of a second embodiment of sistor and ground, and being gated by the second 

an improved ring oscillator 70 constructed according to the predetermined bias voltage. 

teachings of the present invention. In addition to fast invert- 5. The improved ring oscillator, as set forth in claim 1, 

ers 40 and 45 inserted into the ring, parallel transistors are 10 wherein the first fast inverter comprises: 

added to primarily increase the operating frequency of the ^ ^^^^^^^ ^ 1 

rmg oscillator which may be reduced by the addition of fast . , _ _ ^ 

inverters 40 and 45. Inverter 12 is coupled to paraUel pMOS ^° transistor coupled to the pMOS transistor and 

transistors 18 and 72 and paraUel nMOS transistors 20 and 

74. Inverter 14 is coupled to parallel pMOS transistors 22 15 improved nng oscillator, as set forth in claim 1. 

and 76 and parallel nMOS transistors 24 and 78. Inverter 16 wherem the second fast mverter comprises: 

is coupled to parallel pMOS transistors 26 and 80 and apMOStransistorcoupledtoapowersupply voUage; and 

parallel nMOS transistors 28 and 82. The parallel pMOS and an nMOS transistor coupled to the pMOS transistor and 

nMOS transistors are gated by the same PCH and NCH ground. 

voltage levels, respectively. Typically, the frequency of 20 7. The improved ring oscillator, as set forth in claim 1, 

output periodic waveform is increased by nearly a factor of wherein the first and second fast inverters do not conduct 

two. simultaneously. 

Accordingly, by inserting two fast inverters in the ring 8. An improved ring oscillator, comprising: 

oscillator, problems such as moding and injection locking first, second and third current starved CMOS inverters 

encountered by typical current starved ring oscillators are 25 coupled in a ring; 

resolved. Further, optional parallel transistors may be added ^ fi^st switch coupled between the second and third 

to unprove the operatmg frequency of the circuit. current starved inverters; 

Although several embodinaents of the present invention ^ ^^^^^ ^^^^^ ^^^^ ^^^^^^ ^^^^ 

and Its advantages have been described m detail it should be ^^^^^^ ^^^^^ ^^^^ ^^^^^ ^^^^^^^ 

understood that mutations, changes, substitutions, ■'O ^;fF^™* t,«,«^ tu^^^u,, « 

r ' .P' closmg at diiierent times thereby not excitmg an analog 

transformations, modifications, vanations, and alterations «.«4n«#;«^ i„ :„ 

, ' . . , , . o . . . oscillation mode m said nng oscillator; 

can be made therem without departing from the teachmgs of , 

the present invention, the spirit and scope of the invention wherein the first and second switches each comprises: 

being set forth by the appended claims. ^ P^^^ transistor coupled to a power supply voltage; 

What is claimed is: 35 and 

1. An improved ring osciUator, comprising: ^ transistor coupled to the pMOS transistor and 
first, second and third current starved inverters coupled in ground, and 

a ring; an output buffer coupled to the ring oscillator and out- 

a first fa^t inverter coupled between the second and third ^ P^^^^S ^^^P"^ periodic waveform, 

current starved inverters; ^ '^^ unproved nng oscillator, as set forth in claim 8, 

a second fast inverter coupled between the third and first "^^''^^ '^^^ ^^^^ 

current starved inverters, said first and second fast ^^^^ comprises, 

inverters having a speed of operation to conduct in a ^ CMOS mverter; 

linear region insufiBciently long at a frequency of a pMOS transistor coupled between a power supply 

operation of said ring oscillator to excite an analog voltage and the inverter, and being gated by a first 

oscillation mode; and predetermined bias voltage; and 

an output buffer coupled to the ring oscillator and out- an nMOS transistor coupled between the inverter and 

putting an output periodic waveform. ground, and being gated by a second predetermined 

2. The improved ring oscillator, as set forth in claim 1, bias inverter. 

wherein the first, second and third current starved inverters 10. The improved ring oscillator, as set forth in claim 9, 

each comprises: wherein the first, second and third current starved inverters 

a pMOS transistor coupled to a power supply voltage; and each further comprises: 

an nMOS transistor coupled to the pMOS transistor and a second pMOS transistor coupled in parallel with the 

ground. 55 pMOS transistor and between the power supply voltage 

3. The improved ring oscillator, as set forth in claim 2, and the inverter, and being gated by the first predeter- 
wherein the first, second and third current starved inverters mined bias vohage; and 

each further comprises: a second nMOS transistor coupled in parallel with the 

a second pMOS transistor coupled between the power nMOS transistor and between the inverter and ground, 

supply voltage and the pMOS transistor, and being 60 and being gated by the second predetermined bias 

gated by a first predetermined bias voltage; and voltage, 

a second nMOS transistor coupled between the nMOS H. The improved ring oscillator, as set forth in claim 8, 

transistor and ground, and being gated by a second wherein the first and second switches do not close simulta- 

predetermined bias voltage. neously. 

4. The improved ring oscillator, as set forth in claim 3, 65 12. An improved ring oscillator, comprising: 

wherein the first, second and third current starved inverters a first current starved inverter having an input and an 

each further comprises: output; 
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a second current starved inverter having an input con- 
nected to said output of said first current starved 
inverter and an output; 

a first fast inverter having an input coupled to said output 
of said second cm-rent starved inverter and an output, ^ 
said first fast inverter having a speed of operation to 
conduct in a linear region insufficiently long at a 
frequency of operation of said ring oscillator to excite 
an analog oscillation mode; 

a third current starved inverter having an input connected 
to said output of said first fast inverter and an output; 



a second fast inverter having an input coupled to said 
output of said third current starved inverter and an 
output connected to said input of said first current 
starved inverter, said second fast inverter having a 
speed of operation to conduct in a linear region insuf- 
ficiently long at a frequency of operation of said ring 
oscillator to excite an analog oscillation mode; and 

an output buffer coupled to the ring oscillator and out- 
putting an output periodic waveform. 
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[57] ABSTRACT 
A converter utilizes a low voltage battery to develop a 
higher potential by the use of capacitors which are 
charged sequentially according to digital waveforms 
provided by counting type circuits and gates. The 
charge transfer circuits afford a low impedance charg- 
ing path and a high impedance discharge path via a 
series of transmission gate controlled capacitors. 

The apparatus permits the conversion of low battery 
voltages while being completely compatible with 
ultra-miniature electronic systems! 

15 Claims, 8 Drawing Figures 
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Another commonly employed technique uses a trans- 
DIRECT CURRENT POWER CONVERTERS former to provide a voltage step-up at a secondary 

EMPLOYING DIGITAL TECHNIQUES USED IN winding. The primary of the transformer is supplied 
ELECTRONIC TIMEKEEPING APPARATUS . with an AC frequency at a given level usually derived 
« . rxw, r^vn^rvi^T ^ ^ oscillatof or a switching circuit. The turns ratio 

BACKGROUND OF THE INVENTION of such transformen; is such that a higher potential 

This invention relates to direct current (DC) power signal is produced at the secondary which signal is then 
converters for electronic watches and more particu- rectified and filtered to produce the required higher 
larly to a power converter employing capacitors ar- level DC. These circuis present similar problems to the 
ranged in circuit to develop high operating potentials 10 inductor converters in that the transformers are also 
from a low potential source. . . . bulky, the transients produce noise interference and 

. The power converter, generally, functions to provide the output is difficult to regulate because of circuit 
a high output potential from a lower potential source . component tolerance. 

such as a battery. However, there are a variety of circuit configurations 

An example of a typical use of such a converter is in 15 which employ capacitors to effectuate potential con- 
an electronic timepiece or electronic watch. Such de- . version. 

vices are relatively new and essentially are completely Such circuits are typically classified as voltage multi- 
electronic time-keeping devices fabricated with inter pliers and basically operate as the above-described 
grated circuits and associated displays: Such watches generic power converter. Basically, these circuits in- 
are ultra-miniature and provide the user with extremely 20 cliide doubters, triplers, or quadruplers and use capaci- 
accurate time indication in a wrist watch configuration. . tors to avoid the use of inductors or transformers. The 
As such, the watches are energized by means of small circuits operate to transfer charge through diodes to 
batteries which typically provide an output voltage of provide higher operating DC potentials from a lower 
about 1.5 volts. This voltage, while capable of operat- DC source: Examples of such circuits as well as certain 
ing and biasing certain types of integrated circuits, is 25 of the above described converters can be had by refer- 
usually much too low to operate the display circuits ence to a text entitled "Radio Engineering Handbook" 
associated with such watches. For example, a low by Keith Henney, Fifth Edition, Chapter 1.7, pages 
power, reliable display employs the liquid crystal. Such 17-24, 17-25 and 17-26, a McGraw-Hill publication 
displays require larger operating potentials than that ; (1959). 

supplied by the battery. 30 As can then be verified, may typical prior an capaci- 

The system employed in such watches utilizes a rela- . tor converters.rely on charge tramfer via diode circuits . 
tively high frequency crystal oscillator. The oscillator . and depend upon voltage developed across the capaci- . 
utilizing a quartz resonator is extremely stable and tors to afford charge transfers by the forward and ire- 
provides an accurate output fi^quency. This frequency . verse biasing of the diode. 

is conventionaliy divided down, by means of multivibra- 35 magnitude of the available outputs of such cir- 

tor or other types of digital counting circuits, to pro- cuits are limited as well as the fact that an increase in 
duce, for example, a 1 Hz signal analagous to a I sec- the multiplication.&ctors is associated with a reduction 
ond time interval. In turn, this signal is counted by in efficiency of power. Hence, a quadnipler is less effi- 
multiples of 60 for minute indication. The minute cient and: dissipates more power than a doubler and so 
counter provides a reference to indicate the 60 minute .40 on. 

per hour count . and hence hours. The watch circuitry It is therefore ah object of the present invention to 

displays the contents of the second, minute and hour ,^ provide efficient converters employing ultra-miniatixre 

digital counters to provide ^gnals for energizihg a digi- capacitor elements under control of digital circuitry to 

tal time display. Such counters may interface with the - develop high operating potentials at increased effi- 

idisplay, by means of gating circuits as AND gates and 45 . ciency from a lower power source, 

so on to indicate the time of day in a direct reading ' The converters employed are particularly suitable for 

digital format In conjunction with the fact that displays ' u$e in electronic timepieces although other uses are 

as liquid crystals, light emitting diodes and so on oper- obvious, and apparent. 

ate at higher potential levels tiiat tiiat supplied by tiie • : „ nF<5niiPT!nNi of PREFERRED 

battery, it is also desireable in many instances to oper- 50 , BRIEF DESCWnONOF^REraRRED 

ate tiie logic circuitry at higher potentials (greater than bMBUUiMtisi 

1.5 volts) to achieve greater immunity to noise and, . . A converting apparatus is particularly adapted for 

.hence, more reliable operation, in general. . use in electronic watch assemblies and provides a pre- - 

Thus, to obtain such potential levels, one .utilizes a . .determined potential level at an output, which level is 
power converter to raise the battery potential to a de- .55 different from a source. of output potential included in 
sired value. . • /the watch, as, for example, a low voltage battery. The 

Many techniques for doing so exist in the prior aft; ■. converting apparatus comprises a means for providing 
.Certain techniques employ the use of inductors whicK at least first and-second waveforms syhchroniaed oiie to 
due to their response to current changes, can provide the other; at least first and second capacitors each 
high voltage spikes or transients, which are theii recti- 60 having a first and second terminal; one of said terxhinals 
=fied and filtered to produce hijgher potential output . of one of said capacitors being coupled to a point of 
levels. Inductors tend to be bulky and difficult to fabri- < reference potential, a plurality of transmission gates, 
cate in ultra-miniature size so as to be compatible with; each having an input, outjput and a control electrode 
the requirements of the electronic watch. -Inductors and adapted to provide a low impedance path between 
also produce magnetic fields and the associated tran- ^5 said input and output electrodes upon application of 
sients can adversely affect the operation of the digital said high potential to said control electrode, and means 
timekeeping drciiitry employed in such a watch, as the - 'connecting said other terminals of said capacitors in 
counters, dividers, and so on. - . circuit with said transmission gates, with said control 
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electrodes responsive to either said first , or second impedance (almost a short circuit) between its source 

waveforms to. sequentially charge said . capacitors In and drain upon application to the gate electrode of a 

accordance with said waveforms via said controlled low suitable, biasing potential. 

impedance paths of said transmission gates to cause It is noted that any device so operating could be used 

one of said capacitors to develop. said different poten- ^ in lieu of the MOS transistor 16, such as a junction 

tial level. thereacross. transistor, i-elay contact and so on. 

^RFFF nF^iPRIPTION OF Flfil IRFS Similarly, the terminal designated at V3 of capacitor 

BRIEF DESCRIPTION OF FIGURES IS is coupled to the positive battery terminal via 

FIG. 1: is a partial block and schematic circuit dia- another controllable switching field effect device . I7.. 

gram of a voltage doubler according to the. invention \^ Both the gate electrodes of transistors 16 and 17 are 

. including timing waveshapes. ... coupled to the A waveform generator 12' and will con- . 

;FIG. 2 is a . partial block and schematic circuit dia- duct or present the low impedance state when the A 

gram of a voltage quadrupler including timing wave- waveform exhibits a high or positive potential, 

shapes. . . . : The terminal V2 of capacitor 15 is also coupled via a 

FIG. 3 is a detailed circuit diagram of a voltage con- l^ conti'ollable switching device 18 to the positive termi- 

verter employed in an electronic watch apparatus! nal Vi of the battery 10. A further switch 19 has the 

FIG. 4 is a series, of timing waveshapes useful in ex- source to drain electrode . coupled between the output 

plaining the operation of the circuity of FIG. 3. . (V out), and the terminal V3 of the capacitor 15. 

FIGS. 5 A and SB are a schematic circuit diagram and An output capacitor 20 is coupled across the V out 

a symbol diagram of a transmission gate useful in prac- 2Q terminal to the point of reference potential Vo. 

ticing the invention. It is noted that both the control or drain electrodes of 

FIG. 6 Js a simple block diagram of an alternate em: devices . 18 and 19 are responsive to the waveform pro- 

. bodiment of a converter. vided by the B waveform generator 14, and hence, will 

FIG. 7 is a block diagram of an arbitrary fractional . provide a low. impedance between the source, and 

converter; according to. the invention. 25 electrodes upon the application of a positive 

DETAILED DESCTIiniON OF nGURES^ ^ ^^^^^ ^ P^^^^^^^ 

Referring to FIg" 1, there is shown a schematic dia^ ; ; - : <>P^ration of Voltage Doubler Circuit of Fia 1 
gram of a level converter which serves to double the ' ; . During the positive, tiransition of the A . pulse design 
battery 10 voltage, y I. 30 nated as ta in the timing diagram/ transistors 16 aiid 17 

The description and circuitry is arranged for a nega- are forward biased, thus connecting terminal . Vj of 
tive ground designated as Vo, but it is understood that capacitor 15 to ground ( Vo) via transistor 16. Terminal . 
any polarity can be made available dependent upon Vj of capacitor 15 is also effectively connected to the 
which terminal of the battery 10 is referenced to positive terminal V^ of the battery 10. Hence, as one 
ground potential. 35 can verify, diiring the positive transition of pulse. A, the 

■ ' Shown in the timing diagram of FIG. 1 are two pulse capacitor 15 is coupled across the battery 10, and 
trains respectively designated as A and . B.. The .pulse hence,, charges to the battery poteiitial V|. : As soon as; 
trains are synchronized in that the A pulse is high or the positive transition of the A pulse terminates, the 
positive when the B pulse train is low or negative and transistors 16 and 17 present a high iinp^ance.and the 
. vice versa.. S.uch pulse trains can be generated by a 40 voltage across capacitor 15 is maintained at Vi. Ac-, 
plethora of circuitry. For example, the . waveforms A cording to the timing waveshapes, the B waveform gpes | 
and B may be generated by the Use of shift registers, positive during the low transition of waveform A. This 
couiiting chains and gates, monostabte multivibrators : positive pulse duration tb .forward l^iases transistors 18 
and so on. . .; ■ < and 19* This rondition .th^ causes 'the 

• Thus, shown in FIG. 1 is a reference clock source 11, 45 capacitor 15 to be connected to Vi - or the positive 
which may be a crystal oscillator as the one contained terminal ;of battery 10. The/terminal'Va is connected 
in an electronic watch for timekeeping purposes, an ; via transistor 19 to ^e .output terminal or the .positive 
astable multi^bratoror other suitable circuit. terminal oif capacitor 20^ . ... 

Shown coupled to! th6 output of the clock are wave- . ' ' The capacitor 15 transfers charge- via device ' 19 to 
form generators A and B, indicated as. :12' and 14, re- and again via. transistor 18 and capacitor liS to 

sp^ctively. While the generators . 12 and' i4 are sho^ .caiise the output voltage .on capacitor 20 to charge, to 
schematically as separate modules, it is understood tli^t'^^^ 't^ .or 2 y,. .HiBnce, at the termination of the B ' 
.the 'timing waveslmpes Aand B .can, ihfact, beg^ piilse .(tb) capadtor 20 or the output vott^ 

ated by aVcpmiiioh circuit such as, a shift register, riiig . ' a- voltage of two times the battery supply. This vpltiEige 
counter and so on, with appropriate decoding gates: is continuously maintaiiied due to' the action of the 
Suffice it' to say that generator.(A) 12 provides the A .. wave forms A and B in forward and reveirse biasing the 
Wveshape, while, generator (B); H. proVides the. B - . . FET transixiission gating devices 16, 17, 18, and .19. It. 
myeshape shown an .the above noted timing diagrams. . * is obvious to someone, skilled in the.art that the:Capad- 

A capacitor 15 is shown with potential designations .tor 20..could. equally well be connectesd between Vf^ 
V^ and Va at a first and second terminal. . ^ 60 and Vt, and the ou^ut voltage be to Vo.:; 

The terminal designated Vs is coupled to the point of . ^ • \7 <r> J- i ^r^,r- 

reference potential Vovia a low impedance switehing TheoryofOperationof the Voltage Quadrupler of FIG. 

device 16. Device 16 is schematically shown as a MOS . . - • . . . * . . 

transistor^ with a source electrode'connected. to V^ and Referring to FIG. 2,'there is.shown timing waveforms 

a drain electrode connected to Vo.lt is understood that A, B,.C with positive transitions of ta,ib and tc, respec- 

, the opposite connections could be made as well .as such. tively. • . 

devices.as 16.can conduct current in either direction. . ' The waveforms can be generated by a shift register; a . 

The device 16- basically functions to provide a low counter, multivibrators, or. other weU known and con- 
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venttonal digital circuitry. • ratiis. Before proceeding with the circuit description, it. 

In the associated block diagram a clock source 20 . wUl be noted that the hig^ voltage output (V out) is 

supplies the input to the A, B, and C waveform genera- used to bias and operate the converter circuitry which 

tors 21, 22, 23. as due to the.nature of the components- utilized is self* 

A source of potential or battery. 24 is shown having ^ starting. It is. also noted at the onset, that the system 
its negative tenninal coupled to the point of reference previously described in conjunction with FIGS. 1 and 2, 
potential Vo. A capacitor 25 has one tenninal con- . is a boot-strapping scheme since the output voltage V 
nected to a ppint designated as V3 and another tenninal out is used to drive the converter switching logic cir- 
connected to a point designated at Vs. The terminal cuitiy, a portion of which is also biased from the low 
is connected via a switch 26 to the reference potential 10 voltage battery supply V|. . . 
Vo and via a switch 27 to the battery potential Vi. The . Numeral 40 references a crystal oscillator circuit 
terminal V3 of capacitor 25 is likewise coupled to the employing a n-channel enhancement MOS 41 as an 
positive battery 24 terminal V^ via a switch 2$. Another amplifier. The cyrstal 42 is selected at a frequency near - - 
capacitor 29 has a first terminal designated as V5 and a 32.768 KHz, which frequency is that normally em- 
second terminal designated as V4. Terminal V4 is con- 1^ ployed in present day electronic timekeeping assem- 
nected to the point of reference potential Vo via switch blies. The capacitor 43 serves as a trimmer to adjust the 
.30 and to terminal Ya of capacitor 25 via switch 36; exact frequency. The oscillator dfciiit . is. conventional 
while the V^ tenninal is connected to terminal Vg of and many examples of suitable circuitry exist in the 
capacitor 25 via switch 31. A further switching device prior art. The oscillator 40 is isolated by means of two . 
32 connects the positive terminal of the output capaci- inverting amplifiers 45 and 46, which present a high 
tor 33 to the Vs terminal of capacitor 29. The negative input impedance to avoid undue loading of the oscilla- 
or other terminal of capacitor 33 is coupled to the point tor 40 and a low output impedance for efficient driving 
of reference potential Vo. Also shown coupled to the of aditional circuitry. The oscillator 40 is biased by 
gate electrode of transistor 27 are diodes 34 and 35 means of a battery supply 50, which typically is a ultra 
which act as an **OR" gate, thus permitting transistor 25 small battery operating at about 1.2 to 1.7 volts. As 
27 to be forward biased by the positive transition of such, batteries as 50 are used presently to energize and . 
waveforms B and C from. generators 22 and 23. . . power electronic watch assemblies. The low voltage- is 

Thus, as seen from the FIG. 2, transistors 26 and 28 not sufficient to drive or bias certain types of displays ' 

are forward biased during the positive transition (ta) of as liquid crystals and so on. Hence, many electronic . 

the A waveform from generator 21. Transistors 30, 31 watches employ a power or voltage converter such as 

and 27 are forward biased during the positive transition those described above in regard to the description of . . 

of waveform B (tb) of generator 22. The C waveform the prior art. 

generator 23 forward biases transistors 32, 27 and 36 The osciliator^s 40 output, which may be derived 

during the positive transition (tc) of timing waveform from either inverter 45 or 46, is directed to a divider . 
C. The A, B and C waveforms do not overlap as indi- 35 chain 51, which may comprise cascaded multivibrators 

Gated in the timing diagrams of FIG. 2 to permit eflfi- to provide a timekeeping sigiial at, for example, a 1 Hz 

cient charge transfer without undue discharging or duration. It is noted that the frequency of 32,768 Hz is 

loading. a binary number and hence, cascaded multivibrators 

As indicated, during the positive transition of wave- can provide the 1 Hz signal without employing compli- 
form A (ta) capacitor 25 is charged to V, or battery 40 cated feedback or resetting techniques, 

voltage due to the biasing of transistors 26 and 28 con- The I Hz signal has a 1 second rate which is ex- 

necting capacitor 25 across the battery 24. Hence, tremely accurate as. being. derived from the crystal ; 

capacitor 25 is charged to V|. During the B waveform, oscillator 40. . 

transistor 27 connects terminal V^ to the battery volt- This signal is coupled to a SECONDS counter 52, 

age V,, transistor 30 connects tenninal V4 of capacitor which counts and stores sixty one second transitions 

29 to ground Vo and terminal V3 of capacitor 29 is and commences from zero upon completion of a count 

connected to terminal Vj of capacitor 25. of sixty, The output of the seconds counter 52 is de- 

Hence, capacitor 29 charges, to 2 Vj as the charge coded to decimal format by means of decoder and 

from capacitor 25 is transferred as well as the charge driver circuits 53 and is used to activate the suitable 
from the battery via transistor 27 and capacitor 25. ^0 digits indicating seconds of a liquid crystal display 54. 

Hence, at the eiid of the B pulse (tb) capacitor 29 is The transition pulse indicating a count of sixty by the. 

charged to 2 Vj. second counter is coupled to a minute counter 55, 

During the pulse (tc), the tenninal V, is again con- which also counts and stores sixty such transition pulses 

nected to battery voltage V, via transistor 26. The to thence decode and display minutes via decoder and 
terminal V4 of capacitor 29 is connected to Vg of ca- 55 drivers 56. In a similar manner an hour counter 57 in " 

pacitor 25 via transistor switch 36, and V5 of capacitor conjunction with an hour decode and display driver 58;. 

29 is connected to V out of the positive terminal of serves to monitor and display . hours, 

capacitor 33 via switch 32. ; The liquid crystal dikplay ais well as the driver cir- :^ 

The output capacitor 33 then charges to 4Vi by the cuitry requires larger voltages than that supplied by .the 
charge transfer from capacitor 29 of 2Vi and the addi- .60 battery SO. Therefore, a coiiverter is necessary to sup- 

tional transfer of 2V, due to the coupling of the capaci- ply the voltage V out, which may be four or more times 

. tor 33 to capacitor 25 and thence to the positive bat- higher than Vi or the battery voltage 50. = 

tery potential Vj. Again the charging cycle is repetitive For examples of typical liquid crystal displays and 

and the output voltage of 4V| is maintained across driving arrangements, reference is had to U.S. Pat. No. 

capacitor 33. 3 J 44 ,049 entiUed LIQUID CRYSTAL DRIVING 

Referring to FIG. 3, there is shown a quadrupler AND SWITCHING APPARATUS UTILIZING MUU 

circuit schematic according to the invention and incor- TIVIBRATORS AND BIDIRECTIONAL SWITCHES 

porated as a power supply in an electronic watch appa- . by N. A. Luce, issued on July 3, 1973 and assigned to 
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Optel Corporation, the assignee herein. These waveforms do not overlap as indicated in regard 

The crystal oscillator 40 frequency is also used to to the description of FIG. 2 and permit the charging 

derive the waveforms as A. B, and C of FIG. 2, for and discharging of the converter capacitors by the 

example, for the converter circuitry. Thus shown hav- abovedescribed techniques. 

ing a Ci (clock) input coupled to the output of inverter S ft is noted that FIG. 3 shows both the inverted and 

ampliifier 46 is a flip-flop or multivibrator 60 ifurther . noninvertedoutputeforwaveforms A, B,andCof FIG. 

designated as F/Fl, The flip-flop 60 has a normal out- 4, namely A, B. and C. 

put Qi and aq inverted output Oi. The particular con- In describing the operation of the doubter and quad- 
flguratipn indicated for flip-flop. 60 is referenced to in rupler circuits of FIG. 1 and FIG. 2, it was indicated 
the art as a D type circuit. The circuit operates such 10 that the active transhussion devices could' be bidirec- 
that the logic level present at the D input (Dj for F/Fl, tional FET devices to allow charging and dischaiging of 
.60) is . transferred to the Q output (Q, for F/Fl, 60) the capacitors. It was also indicated that the switching 
during a positive clock transition. D flip-flops are well- devices could, in fact, be a relay contact as a single 
known and are provided in COS/MOS circuit chips. pole, single throw switch. FIG. 3 shows a series of mod- . 
For a clearer explanation of such circuits reference 15 ules as 70, 71 and 73, each is d^gnated respectively as 
may be had to a publication entided COS/MOS INTE- C. B, and A. They are transmission gates which per- 
GRATED CIRCUITS MANUAL by RCA - Solid State fohn the exact functions of transistors as 16 and 18 of 
.Division, Somerville, New Jersey, copyrighted 197 1 , on FIG. 1 or 26 and 27 of FIG. 2. 
.pages 20 and 21. It is noted that any other type of Basically, a transmission gate such as 70, 71 or 73 
flip-flop can be used as well, depending upon power ^0 can be implemented with COS/MOS logic circuitry, 
reqmrements aand operating potentials. (See RCA reference, pages 17 and 18), and is, in fact. 
The D type flip-flops F/Fl to F/F5 function to divide a close approximation to a single pole, single tiirow 
tiic oscilltor 40 frequency by a factor of thirty-two. switch. It is formed by the paraUel connection of a 
Each stage is a D flip-flop 60 and operates accordingly. p-type and an n-type device. The gate electrode of one 
It w also noted that the cham of flip-flops, as shown, 25 device is activated by the non-inverted clock and the 
F/Fl to F/F5, serves to divide tiie clock or oscillator gate electrode of the otherdevice by the inverted dock 
frequency by, for example, thirty-two: Hence, one . as A and A. The source arid drain electrodes are con- 
could actually use the main dividers SI to obtain the nected together to provide the low impedance path 
.required waveshapes or. alternatively, one could utilize required to reliably charge and discharge the capaci- 
the output signal of F/FS to obtain a frequency output ^9 as indicated in RG. 2. The operation of the trans- 
signal pf 1024 Hz which then may be divided by a 10 mission gate is extremely simple and will be explained 
stage binary counter to produce an output of 1 Hz. in regard to FIG. 5. 

Thus, it should be apparent that the divider shown can RG. SB diow^ the schematic used in FIG. 3 for a 

alsobe used m the previously described clock circuitry : transmission gate. Hence, the gate 80 of RG. SB is a 

The outputs of F/F5 are designated as and and 35 ^^^^^ p^j^ electronic circuit which conducts or pre- 

: the waveform is shown m RG, 4 as Q^. the Q, is tiie sents a low impedance path between the input and 

inverted version of the waveform of RG. 4. output when tiie A waveform exhibits a high potential 

The oscillator 40, as well as the flip-flops F/Fl to level: 

F/F5 are all biased and operate from the battery 50 piG. 5A shows tfie circuit A first n-type MOS 81 has 

voltogeVj. -^^^ , its drain connected to the souce of a p-type MOS de- 

The output waveforms of F/F5 are apphed to a MOS . vice 82. The source of 81 is likewise conn^ to the. 

level converter circuit Wnsmg stacked pairs of p- drain 82. The source and drain connections form tiie 

channel enhancement JVIOS devices witii n-channel jnp^t terminal and tiie opposite comiections form the 

enhancement devices. The level converter 61 operates output terminal. Tlie gate of device 81 is coupled to an 

from tiie V out voltage which, is tiie output of the quad- 45 a waveform source while tiie gate of the p<Ievice 82 is 

rupler circuit, and hence, tiie above-descnbed boot- . coupled to an A waveform source. Biasing is applied as 

strapping operation, is so impleinented. ^hown by +V out to the substrate connection of the 

. The level converter may also be obtained as an mte- n-device 

:grated chip arid the above-referenced RCA publication ^ Wheri the A clock is high, tiic A is low. Thus, botii 
.contains examples of suitable circuits on pages 59 to . 50 transistors 82 and 81 are conducting and tiiere is an 

69 The output of the evel converter is tiie Ci^ wave- ^^^^j in^p^dance path betw^n tiie input and 

form shown in FIG. 4 at,a higher voltage tevel tiian the output terminals. When the A clock reverses ^)larity, 

^i^IrZ^^ ^th'^Ti' biased off, and hence, tiiere is ii 

?«^^Tk S^ T « extremely high impedance between inpiit and output 

riJ!?"^ ^ ^^'^^'^*'*'K''"^ The dUiT ihoWTn fig. 5A is a bilateral a^tiie 

nals^are used to control tiie ^peration of an add^ional drain and source electrodes are interchangeable. The 

..^ujter cl^ compnsmg D^^ .F/F6 to gate shown in RG. 5A is faster in operation tiian a 

F/F8 and designated a^^ . single n^hamiel transmission gate. ■ 

flip-flops are the same confip^^^ Again, referring to FIG; 3, it can tiien be asdertained 

F/FS. but operate at the higher voltage level from tiie- 60 cbnfiguration shown is. in fact, a quadrupler as 

An o7i;*T««o^n fi- fi <au r.- * ij the one described in FIG. 2. The table below indicates 

An additional Dilip-flop 68 has its D input coupled corresponding parts and tiie operation is otiusrwise 

to tiie Qa output of flip-flop 64 and is clock is C input identiad • 

supplied by the inverter 62. 

. The outputs of the stages 64, 65, and 68 are shown in 65 TABLE 

FIG, 4 as Qe; Q^*, and Qg. These waveforms are fig. 2 Compooent fig. 3 Counterp art 

operated on by typical AND and OR gate logic assem- BaiuniA Battervso 

bliestoprovidethe waveforms A, B, and C of FIG. 4. Capadtor2S Cantor as 



TABLE-continued 



FIG. 2 Component 



Transmission Gate 27 
Transmission Gate 26. * 
■Transmission Gate.28 .... 
Transmission Gate 36 
Transmisison Gate 30 
Transmiuson Gate 27 (OR) 
Transmission Gate '31 • • 
Transmission Gate 32 ' " ' 
Capacitor 29 
Capacitor 33 

v,.v„v„y,;v,.v».v out ; . 



FIG. 3 Counterpart 
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Transmission Gate 87 

• Transmission Gate 86 

• ■ Transmission Gate 73 
' Tiansmission Oate 70 

• Transmission Gate 93 
. f Transmission Gate 92 

Transmission Gate 71.' 
. Transmission Gate 91 
' , Capacitor 92 

Capacitor 90 

V^V,.V„V,.V,.V,,V out 
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cated either by the block diagram or the semiconductor 
symbology are those types above-described. 

The operation is as follows: 
. . buriiig the A pulse, capacitor 120 is accessed by 
means of the. transmission gate 121, and hence, is.dis- . 
charged or charged to zero volts. Capacitor 140 is 
connected to — Vg, of V| via switch 141 and charges to 
-^Vi. During the B pulse, capacitor 120 is in parallel 
with capacitor 140 and capacitor 120 charges to: 
~Ci4oV(Ciso *f C140). During the C pulse, capacitor 130 
is in parallel with Ctzo and Ci4o> and hence, changes to: 



The circuit of FIG. 3 was constructed using J ^ • ' ~Ciy>KCT 

C8r=<W=C9(H> 047 microfarads with a battery volti^ Ci^+Cw. • 

y, of 2.S volts, the output was 6.66 volts. . * • ' 
. Increasihg the size of the capacitors indicated above 

to 0.47 microfarads gave an output of 9.04 volts. The Hence, as one can ascertain, the value of C,4o and 
logic circuits as well as the inverters, flip-flops and Cijo determine the output voltage -V This, of 
gates were implemented with RCA COS/MOS circuits course, can be of either polarity (positive or negative) 
available as the 4000 series and sold by the RCA Solid depending upon the battery potential as applied be- 
State Division of Somerville, New Jersey 08876. . tween -V„ and +Va,. If C140 C«o theni 
. The. 0.047 microfarads capacitors used are approxi- 
mately 0.050 inches wide. 0.050 inches high, and 0.080 25 . ->^„ = -t^, 
inches long and are generally designated as chip capac- 2" 2"* - 
itors. The circuitry shown in FIG. 3 supplied in excess . . . 

of i microcMp .at the voltage of 9:04 volte above specification describes a variety of 

aled;ftctwccn^ >: l novel converters relying on the transfer of charge via 

, The circuit w^ self-stoting m that substrate leakage 30 high efficiency tran^^i^ion gates which are con^olled 

m-^e mtegrated «rcuite causes a voltage. to deve op b;aigital wavefonns general by conv^^^^^ 

across capacitor ,90. Once, the voltage appears, the circuitrv ' 

Circuits becpme^biased and the voltage acro» the ca- ^ ^gll understood by those skUlcd in the art 

pacitor 90 builds . up until . the quiesc^t value b • how modifications and additional circuitry could be 

acmevea. . ' • . . 35 implemented using the above-described concepts. 

Converter for Providing Rational Fractional Voltages ^ claim: 

: ^ , .. . J. 1. ^ 1. In an electronic watch assembly of the type em- 

-FIG. 6 shows;another embodiment of an aspect of pioyingan accurate source of oscillations for providing 

Uus invention. The transmission gates designated as A. 3 timekeeping signal, said watch including a low volt^ 

. B. and Care as^thbse shown mRG. 3 a^^^ 40 age battery for energizing circuitry included in said 

A* u ™C waveforms are those shown in RGS. 2 watch, the combination therewith of apparatus for 

amd3,theA,B,and Cbeingthenon-mverteda^ converting said low voltage battery potential to a 

fi, and Cbemg the mverted or one hundred and eighty higher voltage level, comprising: 

degrees out of phase waveforms. 3 j^^^j^^ coupled to said accurate source of oscilla- 

From the circuit shown in FIG. 6, it can be ascer- 45 . tions for providing at least first and second wave, 

itained that during the positive level of the A pulse ^ fonns synchronized one to the other, said wave- 

capacitos 100 and 101 are connected in parallel and forms characterized in that said fii^ one is at. a 

therefore share charge: During the B pulse, capacitors positive level when said second one is negative and 

100 and 101 ae connected in series-bet^^^ vice versa, said waveforms having .no condition 

-Vec. During the C pulse, capacitor 100 is connected 50 where both can be positive-or both can be negative. 

: between -Vec and ~V,, and capacitor 101 is- cpn- ^ .: . .as the waveforms do not overiap, 
.jnected between and -V„: ' ['^^&^^^ 

If one applies a voltage between -hVoo and ~V«, the c. a second capacitor having a first and second tcrmi- 

^ircuitry shown under control of the A, B. and C wave- hal with said second termmal coupled to a point of 

ifdrms generates ^ and % of the voltage. A voltage 55 .reference^ 

applied between +VDi and .-Vcc generates % and twii^ d; a plurality of transmission gates each having an 

the voltage. Voo is reference potential and is nomially . input and output terminal and capable of operating 

0 volte; Hence, for a voltage of -1. 6 volts applied be- ' in a low impedance state upon application of a 

twMri Ypoand.yee, Vxi wouldbe a . .. . predetermined potential level to a control elec- 

■;at — 3i2^yohs. . : . r * . * ^ /. -trode associated with each of said gates. 

■: ' Conv^f for Developin^^rlihr^ • -^^"^"^ "^P^i"? one of said terminals of said fiist 

y-^i/o^^ ^ ^ : : .capacitor torn output tenmnsdp 

' v; -transmission gates and said. other terminal to an 

; Referring to . Hp:/ 7» ;^Vo^ > output of another of said tran^ission gates, the 

.'potential: The —y„ is the battery. s6uit:e and has a' . .input of said first traurismissibh gate being coupled 

value equal: to the battery value V{i The. timing' wbve- 7; to a terminal of said low- voltage battery and the 

.forms A, Bi, and C are again identic^ with-those shown . input of said another gate being coupled to a point 

..In JFIG. 2 pir FTG..3 and the transmission gates. as indi- •}:0f reference potential, and ■ 
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f. means coupling said first terminal of said second 
capacitor to.an output of still another transmission 
gate with said input of said gate coupled to a termi- 

. nalof said first capacitor, said control electrodes of 
said gates being responsive to a selected one of said 
first and second waveforms to energize said gates in 
• a predetermined sequence whereby said tow bat- 
tery voltage charges said, capacitors via said gates 
in a manner to provide a different potential then 
said battery potential across said second capacitor, 
•said second capacitor only being coupled to said 
battery during said second waveform and only 
when said first capacitor is not so coupled, whereby 
said first and second capacitors are never in paralr 
.. lei, and' 

g. means for transferring said. charge across said first . 
. : , and second capacitors to a third output capacitor.. 

2; The converting apparatus according to daini 1, . 
wherem said transmission gates comprise at least one 20 
field effect transistor having a source output terminal, a 
drain input tehriinal. and a gate control electrode. 

3, The converting apparatus according . to claim 2,. . 
^wherein said field effect device is bilateral. 

:4, The converting apparatus according to claim 1, 
wherein said means coupled to said accurate source of 
oscillations comprise a piurality of cascaded multivi- 
brators for dividing said accurate , soured by: a . given 
integer, and gating rnesms coiipled to said niultivibra- 
tors for providing said first and second waveforms at 
respective ouputs of gating means. . 

5. The apparatus according to claim 4, wherein said 
niuitivibratbrs are flip-flops employing MOS devices. ^ 
. • 61 JKe api>afatus according to claun 1, wh^in said 
pbteiitud across said secoiid capacitor is greate'r than 
' ^id battery potential: . ; . 

7. The apparatus according to claim 1, wherein said 
potential across, said second capacitor is a rational 
^fraction of said battery potential. 

potential across said second capabitor is ah arbitrary 
fraction of said batteiV potential. : 

9; The apparatus according to claim, li wherein said 
~pbieptial across . said second capacitor ;is relatively 
eiqiial.to said battery potential multiplied by the integer 
:. 2n^- wherie^^n is greatei: than 1. . 
:10« The>pparatus accordih Wherein said 
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11. Converting apparatus for providing a predeter- 
mined potential level at an output, which level is differ* 
ent from a source of operating potential, comprising: 

a. means for providing at least first and second wave- 
forms synchronized one to the other, said wave- 

. forms characterized in that said first one is at a 
positive level when said second, one is negative and 
vice versa, said waveforms haying no condition 
where both can be positive or both can be negative, 
as the waveforms do not overlap, 

b. at least^rst and second capacitors,. each having'a 
first and second terminal; one of said terminals, of 
one of said capacitors being coupled to a point of 
reference potential. . 

c. a piurality of transmission gates, each haying an 
input/ output, and a control electrode and adapted 

' to provide, a low impedance path between said 
input and output electrodes upon application of 
. said high potehtial to said control electrode, 

d. means . connecting said other terminals of said 
capacitors in circuit with said transmission gates; 
with said control electrodes responsive to either 
said first or second waveforms to sequentially 
charge said capacitors in accordance with said 
waveforms via said controlled low imp^ance paths 
of said transmission ^tes to cause one of said ca- 

. pacitors to develop said (Afferent potential level 
thereacross, . wherein, due to said wavefbrms, one 
of said capacitors is only coupled to said battery . 
when the other of said capacitors is not and said 
first and second capacitors are never in parallel, 
and 

e. means for transferring said charge across said first 
and second capictors to a third output capacitor. 

12. The converting apparatus according to claini 11, 
35 wherein said means for providing at least said first and 

second waveforms comprises a crystal oscUlatpr capa- 
ble of providing a relatively stable output signal of a 
given frequency, and counting means coupl^ to said 
oscillator for providing a series of digital waveshapes, 
40 decoding means responsive to said waveshapes for. 
.providing at ah output said first and second waveforms. 

13. The converting apparatus according to claim 11, 
. wherein said transmission gates are parallel p channel, 

n channel MOS devices. 

14. The converting apparatus according to claim 11, 
wherein said level different tom said operating poten- 
tial is 2n times the sanie^ wherein is an integer greater 
than 1. •• . ^^^v 

15* The converting apparatus according^ t6 claim 12, : 
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firstterminal of said ^cond capad^ said crystal oscillator is tiiat included as k 

means coupled to said accurate .sour^ for energizing, / time-keeping source in an electronic watch apparatus, 
the.same witb'said pioteiitial level across said capacitor. * • ♦ ♦ * . 
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[57] ABSTRACT 

A regulated charge pump (43) includes a charge pump 
core (114) having a charging capacitor (80). An output 
voltage on a first terminal (72) of the charging capacitor 
(80) is transferred to a holding capacitor (8 1). A second 
terminal (73) of the charging capacitor (80) is alterna- 
tively connected to positive and negative power supply 
voltage terminals in response to non-overlapping clock 
signals. The first terminal (72) of the charging capacitor 
(80) is connected through first (150) and second (151) 
transistors to the positive power supply voltage termi- 
nal. A proportional portion (112) provides a coarse 
regulation by biasing the first transistor (150) propor- 
tional to a comparison between a predetermined &ac* 
tion of an output voltage and a reference voltage. An 
integrating portion (113) provides a precise regulation 
by biasing the second transistor (151) proportional to an 
integrated difference between the output voltage and a 
reference voltage. 

19 Claims, 4 Drawing Sheets 
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REGULATED CHARGE PUMP AND METHOD 
THEREFOR 

CROSS REFERENCE TO RELATED, 5 
COPENDING APPUCATION 

Related, copending application is application Ser. 
No. 07/788,977, filed concurrently herewith, by Luis A. 
Bonet et al., and assigned to the assignee hereof, enti- 
tled '*Mixed Signal Processing System and Method of 
Powering Same". 

1. Fidd of the Invention 

This invention relates generally voltage generator 
circuits, and more particularly, to regulated charge 
pump circuits. 

2. Background of the Invention 

In some integrated circuits, it is necessary to increase 
an available power supply voltage to provide to internal 
circuitry. For example, electrically erasable program- 
mable read only memories (EEPROMs) require a volt- 20 
age substantially above the conventional -i-S.O-volt 
power supply to program a memory bit An internal 
charge pump circuit increases the power supply voltage 
to the desired programming voltage. A conventional 
technique to increase the internal voltage is to use a 25 
voltage multipher circuit The voltage multiplier circuit 
is based on a charging c^acitor and two phases of a 
ciocL During one clock phase, the power supply volt- 
age is applied to a fu-st terminal of the charging capaci- 
tor while a second terminal is grounded. Then, during 30 
the second phase, the power supply voltage source is 
isolated from the first terminal of the charging capaci- 
tor. The second terminal is disconnected from ground, 
and the power supply voltage is applied to the second 
terminal. Thus, the first terminal of the charging capaci- 35 
tor is boosted to a voltage of twice the power supply 
voltage referenced to ground. This voltage, at the first 
terminal of the charging capacitor, is then used to 
charge a holding capacitor. At the end of the second 
clock phase, the first terminal of the charging capacitor 40 
is isolated from the holding capacitor and is again cou- 
pled to the power supply voltage. The voltage of the 
holding capacitor provides the charge-pumped voltage. 
This example demonstrated a voltage multiplier with an 
integer multiple of two; m the absence of loading, the 45 
charge-pumped voltage is equal to twice the power 
supply voltage. Other charge pump circuits have two 
such charge pumps connected in series to provide a 
voltage multiplier with an integer multiple of four. 

A voltage-multiplying charge pump circuit may be 50 
useful also in battery-based systems. Since the battery 
voltage may be low, a charge pump circuit may be used 
to increase the voltage to internal circuitry. However, 
this creates problems. A battery voltage may vary 
widely between the time it is first used (either a new 55 
battery or a newly-recharged battery) and the time it 
goes dead. For example, three type AA batteries may be 
used to form a power supply with a nominal voltage of 
3.75 volts, which is usuially acceptable for integrated 
circuits which use the conventional -f-S.O volt power 60 
siq>ply. Before going dead, the battery voltage may fall 
to approximately 2.7 volts. Thus, a voltage-doubling 
charge pump circuit could be used to increase the 2.7- 
volt power supply voltage to 5.4 volts. However, when 
the batteries are new, each battery voltage may be as 65 
much as 1.8 volts, and the charge-pumped power sup- 
ply voltage would be unacceptably high. For example, 
a voltage doubling charge pump would provide volt- 
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ages between 10.8 and 5.4 volts between recharges. A 
10.8-volt power supply is harmful because reliability 
could be reduced in circuits designed to work at 5.0 
volts. If complementary metal-oxidesemiconductor 
(CMOS) technology is used, gate rupture and latchup 
may occur. Thus, it is necessary to limit the power 
supply voltage to an acceptable level 

Several techniques are available to limit the voltage. 
A clamping device, such as a Zener diode, could be 
used to reduce the output voltage. The clamping device 
sinks current during the period of excess voltage to 
drop the voltage to the required level. Also, shunt regu- 
lation methods may be used to reduce the output volt- 
age. However, in either case the charge pump wastes 
current through the Zener diode or regulation device. 
As more current is wasted, battery life shortens. Thus, 
techniques other than the use of passive devices to limit 
the voltage are needed. 

SUMMARY OF THE INVENTION 

Accordingly, there is provided, in one form, a regu- 
lated charge pump comprising a charge pump core, 
proportional means, and integrating means. The charge 
pump core boosts a first voltage existing at a first termi- 
nal of a charging capacitor during a first predetermined 
time period, by an amount equal to a first power supply 
voltage referenced to a second power supply voltage 
during a second predetermined time period and pro- 
vides a regulated charge-pumped voltage in response. 
The charge pump core comprises first and second tran- 
sistors. The first transistor has a first current electrode 
for receiving the first power supply voltage, a control 
electrode, and a second current electrode coupled to 
the first terminal of the charging capacitor. The second 
transistor has a first current electrode for receiving the 
first power supply voltage, a control electrode, and a 
second current electrode coupled to the first terminal of 
the charging capacitor. The proportional means is cou- 
pled to the control electrode of the first transistor 
changes the first voltage proportionately in response to 
a difference between a reference voltage and a propor- 
tional voltage, by altering a conductivity of Uie first 
transistor the proportional voltage being a predeter- 
mined fraction of the regulated charge-pumped voltage, 
the predetermined fraction making the proportional 
voltage equal to the reference voltage when the regu- 
lated charge-pumped voltage is equal to a desired value. 
The integrating means is coupled to the control elec- 
trode of the second transistor, and flirther changes the 
first voltage proportionately in response to an integra- 
tion of a difference between the proportional voltage 
and the reference voltage by altering a conductivity of 
the second transistor. 

In another form, there is provided a method of pro- 
viding a regulated charge-pumped voltage, comprising 
the steps of providing a charging capacitor; alternately, 
coupling a second terminal of the charging capacitor to 
a first power supply voltage terminal, or coupling the 
second terminal of the charging capacitor to a second 
power supply voltage terminal, respectively in response 
to first and second non-overlapping clock signals; pro- 
viding the regulated charge-pumped voltage in re- 
sponse to a first voltage at a first terminal of the charg- 
ing capacitor; forming a second voltage proportional to 
the regulated charge-pumped voltage; comparing the 
second voltage to a reference voltage bia^g a first 
transistor, coupled between the first power supply volt- 
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age terminal and a Brst terminal of the charging capaci- Mixed signal processing system 22 includes an adapt- 

tor, to be conductive proportionally to a comparison of ive differential pulse code modulation (ADPCM) trans- 

the second voltage to the reference voltage, integrating coder 28, and a pulse code modulation (PCM) coder- 

a difference between the second voltage and the refer- decoder (codec) 29. ADPCM transcoder 28 decom- 
ence voltage; and biasing a second transistor, coupled 5 presses the compressed digital signal received from time 

between the first power supply voltage terminal and the division duplex block 26 by a conventional algorithm, 

first terminal of the charging capacitor, to be conduc- such as the CCITT Recommendation G.721 or the 

tive proportionally to a integrated difference between American National Standard Tl.301-1988. When de- 

the second voltage and the reference voltage. compressed, the digital signal exists as digital PCM data 
These and other features and advantages will be more 10 compressed by a conventional algorithm such as A-law 

clearly understood from the following detailed descrip- or p.'law. ADPCM transcoder is connected via input 

tion taken in conjunction with the accompanying draw- and output signals 32b to microprocessor 27. Micro- 

ings. processor 27 initializes and controls the operation of 

nPTf7T7 ncQOPTPnmc ras -rms ni> Aimxrr-c ADPCM transcoder 28 through input and output sig- 

BRIEF DESCRIPTION OF THE DRAWINGS ^ p^M codec 29 receives the PCM data >da 

FIG. 1 illustrates in block form a digital cordless input and output signals 33, performs A-law or fi-law 

telephone handset utilizing a mixed signal processing decompression to form an analog telephone signal, and 

system in accordance with the present invention. provides the analog telephone signal to a speaker 31 and 

FIG. 2 illustrates in partial block form and partial a ringer (not shown in FIG. 1) via output signals 35. 
schematic form the mixed signal piDcessmg system of 20 Additional interface circuitry between ADPCM trans- 

FIG. 1. coder 28 and PCM codec 29 is not shown in FIG. 1. 

FIG. 3 illustrates in partial block form and partial A microphone 30 provides an analog telephone signal 

schematic form the PCM codec of FIG. 2. via input signal lines 34 to PCM codec 29. PCM codec 

FIG. 4 illustrates in partial schematic form and partial 29 converts the analog telephone signal to a digital 
block form the regulated charge pump of FIG. 2 in 2S telephone signal and compresses it according to the 

accordance with the present invention. A-law or fi-law algorithm, and provides the digital 

FIG. 5 Dlustrates in partial schematic form and partial telephone signal to ADPCM transcoder 28 via input 

block form the bias circuit used in the regulated charge and output signals 33. ADPCM transcoder 28 in turn 

pump of FIG. 4. compresses the digital telephone signal according.-to 

DETAILED DESCRIPTION OF THE ^ ?AT«!T T^Tnf ° 

TMVFMTTnK ANSI Tl.301-1988 standard) and provides the com- 
UN v tiis i lUJN pressed digital signal to time division duplex block 26. 
FIG. 1 illustrates in block form a digital cordless Time division duplex block 26 then combines signalling 
telephone handset 20 utilizing a mixed signal processing bits from microprocessor 27 with the compressed digi- 
system 22 in accordance with the present invention. 35 tal data from APDCM transcoder 28 to form a CT-2 
Handset 20 implements a standard protocol, such as the packet. Time division duplex block 26 provides the 
U.K. Cordless Telephone, Second Generation (CT-2) CT-2 packet to radio frequency system 25, which mod- 
or the Digital European Cordless Telephone (DECT) ulates it and provides it as an RF signal to antenna 24, 
standard. For example, according to the CT-2 protocol, where it is radiated and eventually received by the base 
telephone signals are received and transmitted digitally 40 station. PCM codec 29 performs the function of a con- 
in packets in a half-duplex or ping-pong scheme be- ventional integrated circuit, such as the Motorola 
tween handset 20 and a base station (not shown in FIG. MC145S54 law PCM Codec-FUter or the Motorola 
1). An antenna 24 is used for transmitting and receiving MC14SSS7 A-law PCM Codec-Filter. ADPCM trans^ 
radio-frequency (RF) representations of telephonic sig- coder 28 also performs the frmction of a conventional 
nals. An RF system 25 is connected to antenna 24 for 45 integrated circuit, such as the Motorola MC14SS32 
receiving and demodulating, and transmitting and mod- ADPCM Transcoder. 

ulating, digital streams of telephonic data. As used here, PCM codec filter 29 is primarily analog, while 

the term "signal" refers to a time-varying electrical ADPCM transcoder 28 is primarily digital; however, 

signal, and the term "digital signal" refers to a series of mixed signal processing system 22 is required to operate 

digital samples of the signal. A "packet" includes a 50 from a single battery power supply formed typically by 

portion of the digital signal, or alternatively, a specified three type AA batteries (not shown in FIG. 1), Mixed 

number of digital samples of the telephone signal, along signal processing system 22 must operate on battery 

with digital signalling bits. voltages varying from 2.7 volts to S.2S volts and still 

A packet from the base station is received as a modu- meet the CT-2 specification. At the same time, power 

lated RF signal on antenna 24. Radio frequency system 55 consumption most be kept to a minimum in order to 

25 receives the RF signal and demodulates it The mod- maximize battery life. ADPCM transcoder 28 must 
ulation scheme is a two-level FSK shaped by an approx- perform its operation within the time required to pro- 
imately Gaussian filter, as described in the CT-2 Com- cess packets to operate on continuous, real-time speech 
mon Air Interface Specification. The packet is then sign^. Also, reliable operation is required. Thus, a new 
presented to a time division duplex block 26. Time divi- 60 approach which solves these problems is needed. Mixed 
sion duplex block 26 splits the packet into its two con- signal processing system 22 satisfies these requirements 
stituent components, making the signalling iHts avail- as is now illustrated with reference to FIG. 2. 

able to microprocessor 27. Time division duplex block FIG. 2 illustrates in partial block form and partial 

26 makes the compressed digital signal available to schematic form mixed signal processing system 22 of 
mixed signal processing system 22 through input and 65 FIG. 1. Mixed signal processing system 22 includes 
output signals 32fl. Subsequently, microprocessor 27 ADPCM transcoder 28 and PCM codec filter 29 as 
reads the signalling bits and performs associated signal- previously illustrated in FIG. 1. In addition, mixed 
ling functions, such as call setup and disconnect signal processing system 22 includes a power supply 
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subsystem 40 having a voltage regulator 41, a bandgap vide a voltage labelled "V^iy^ vdd has a nommal volt- 
voltage reference 42, and a regulated charge pump 43, a age of approximately 5,0 volts, but remains substantially 
level shifter 44, and several power supply terminals and constant as Vj^ir changes (due to the regulation), 
signal lines. The terminals include a terminal 70 for ADPCM transcoder 28 is a conventional ADPCM 
receiving a voltage labelled ^^WsAf'* a terminal 71 for 5 transcoder modified to separate internal circuitry in 
receiving a voltage labelled "Vss^', a first capacitor accordance with differing power supply requirements, 
terminal 72, a second capacitor terminal 73, and a third In ADPCM transcoder 28, input and output buffers 50 
capacitor terminal 74. The signal lines include input and are separated from three-volt digital subsystem 51 and 
output signal lines 32, iiq>ut signal lines 34, output signal are connected between Vji^T-and and provide and 
lines 34', and input and output signal lines 35'. Signal 10 receive signals via input and output signal lines 32. 
lines corresponding to signal lines in FIG. 1 are given Three-volt digital subsystem 51 performs all the func- 
the same reference number. However, input and output tions of a conventional ADPCM transcoder except for 
signal lines 32 of FIG. 2 include input and output si^ial the functions provided by input and output buffers 50. 
Imes 32a and 32^ as previously illustrated in FIG. 1, and Subsystem 51 is connected between Vx>£p and V^^ 
input and output signal lines 35' include output signal 15 connects to mput and output buffers 50, receives input 
line 35 of FIG. 1 and other input and output signal lines signals from five-volt analog subsystem 60, and pro- 
not shown in FIG. 1. ADPCM transcoder 28 mcludes vides output signals to level shifter 44 via signal hnes 
input and output buffers 50, and a three-volt digital 336, one of which is signal CLOCK, which is also pro- 
subsystem 51. PCM codec 29 includes a five-volt analog vided to regulated charge pump 43. Level shifter 44 
subsystem 60, and a battery-powered analog subsystem 20 receives power supply voltages Vdsp and Vdd and is 
61. A first capacitor 80 is connected between terminals coupled to and level shifts the signals conducted 
72 and 73, and a second capacitor 81 is connected be- on signal lines 33d and provides corresponding signals 
tween terminals 74 and 71. 33c to subsystem 60. PCM codec 29 is a conventional 

VA<ris a battery voltage provided by, for example, PCM codec modified to separate internal circuitry in 
three type AA nicad batteries (not shown in FIG. 2) 2S accordance with differing power supply requirements, 
having a nominal voltage of 3.75 volts but varying be- In PCM codec 29, five-volt analog subsystem 60 per- 
tween 2.7 and 5.4 volts between recharges. Wss is a forms all the functions of a conventional PCM codec 
coiomon, or ground power supply voltage having a except the special functions performed by subsystem 61 
nominal value of zero volts. Thus, mixed signal process- as described below. Subsystem 60 is connected between 
ing system 22 is only connected to a single, battery- 30 Vdd and VsSj receives a microphone signal via input 
derived power supply. In power supply subsystem 40, signal lines 34, and connects to subsystem 51 via signal 
bandgap voltage reference 42 is connected to Vjf^7<and lines 33a. Battery-powered analog subsystem 61 is con- 
Vss and provides a stable, precise voltage labelled nected between V^^rand Vss and is connected to input 
'*Vrei^* in response. Bandgap voltage reference 42 is a and output signal lines 35'. 

bandgap voltage reference circuit which is able to oper- 35 Mixed signal processing system 22 has several advan- 
ateatpowersupply voltages down to approximately 2.7 tages over known mixed signal processing systems, 
volts, such as is disclosed in patent application docket First, mixed signal processing system 22 reduces power 
number SC-01229 A, application number unknown, filed consumption. Voltage regulator 41 provides a power 
Oct 28, 1991, by Greaves et al. and assigned to the supply voltage, V/>5P, to subsystem 51 which is substan- 
assignee hereof, entitled "Bandgap Voltage Reference 40 tially constant with respect to changes in Vbat- By 
Circuit", which is herein incorporated by reference. setting the power supply voltage near the minimum 
Voltage regulator 41 is connected between V^^jand voltage at which the circuitry will operate, power con- 
Vss, and receives voltage VRSpto provide an internal sumption of digital subsystem 51 is minimized. At the 
reference. Voltage regulator 41 is a conventional same time, digital subsystem 51 performs the ADPCM 
CMOS voltage regulator which provides a regulated 45 transcoder functions (except the input and output func- 
output voltage, labelled '"Vdsi^'- Vdsp has a nominal tions) quickly enough at (Vds?=3.0 volts) to meet the 
value of 3.0 volts which remains substantially constant specifications, including speech compression and de- 
with variations in Vj(^runtil VjR^rapproaches 3.0 volts. compression in real time. In a preferred embodiment. 
As Vit^T-falls below 3.0 volts (when the voltage of the subsystem 51 uses CMOS digital logic. CMOS logic 
nicad batteries falls due to discharge), Vdsp likewise 50 circuitry may be designed to operate at high speed and 
compresses. low power supply voltage, such as at 3.0 volts. How- 

Power supply subsystem 40 also includes regulated ever, such circuitry consumes large amounts of power 
charge pump 43, which is connected between Vit^rand when the power supply voltage is increased to around 
Vss. Regulated charge piunp 43 is connected to the first 4.0 or 5.0 volts, and in addition, integrated circuit area 
terminal of fu^ capacitor 80 via terminal 72, to the 55 increases due to a need for additional area for power 
second terminal of fust capacitor 80 via terminal 73, and supply busses. At reduced power consumption levels, 
to the fust terminal of second capacitor 81 via terminal jimction temperatures are reduced; thus, integrated 
74, receives voltage Vr£f and a clock signal labelled circuit packaging specifications may be relaxed and 
"CLOCK", and provides an output voltage labelled reliability is enhanced. An added benefit is that digital 
Vi>/>. Regulated charge pump 43 combines tv^oconven- 60 subsystem 51 is designed to operate within a narrow 
tional functions. First, regulated charge pump 43 in- range of power supply voltages, simphfying circuit 
creases the voltage of VA4r through clocked capacitive design. 

charge pumping. In a preferred embodiment, mixed Second, mixed signal processing system 22 performs 
signal processing system 22 is included in a single mono- analog functions reliably despite changes in V^^ 7-. Reg- 
lithic integrated circuit. Capacitors 80 and 81 are too 65 ulated charge pump 43 provides a power supply volt- 
large to be provided monolithically and thus are exter- age, Vdd, having a voltage high enough for desired 
nal to the integrated circuit Second, regulated charge analog operation. At Vdd of 5.0 volts, analog circuitry 
pump 43 regulates the charge-pimiped voltage to pro- in analog subsystem 60 has sufficient headroom to oper- 
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ate linearly. In addition, harmfully high voltages pro- charge pump 43 includes generally a non-overlapping 

vided by conventional integer charge pumpmg are dock generator circuit 110, a bias circuit 111, a proper- 

avoided. As an example, if analog circuitry were pow- tional portion 112, an integrating portion 113, and a 

ered directly from Vbat* performance would diminish charge pump core 114. Proportional portion 112 in- 

if Vfi^r were near the low end of its range (about 2.7 5 eludes an amplifier 120, a transmission gate 121, and a 

volts), the other hand, if a standard 2X integer charge P-channel transistor 122. Integrating portion 113 in- 

pump were used to power the analog circuitry, then the eludes an amplifier 130, transmission gates 131, 132, and 

voltage range would be from 5.4 to about 10.8 volts. At 133, a P-channel transistor 134, a capacitor 135, a trans- 

the high end of the range, reliability is reduced. mission gate 136, a capacitor 137, a transmission gate 

Third, mixed signal processing system 22 reliably 10 138, a capacitor 139, transmission gates 140 and 141, and 

interfaces to external circuitry. Mixed signal processing an amplifier 142. Charge pump core 114 includes capac- 

system 22 separates input and output buffers 50 from itor 80, P-channel transistors 150, 151, and 152, an N- 

c^gital subsystem 51. While digital subsystem 51 is con- diannel transistor 153, a P-channel transistor 154, and 

nected to V/jjp, input and output buffers 50 are con- capacitor 81. 

nected between VsAT^^ ^ss- Thus, logic high output 15 Non-overlapping clock circuit 110 receives signal 

signal levels of input and output buffers 50 correspond CLOCK, is coi^led to power supply voltages Vbat, 

to the output si^ial levels of other devices, such as ^dd* and Vss* an provid^es non-overiappmg clock sig- 

microprocessor 27, As illustrated in FIG. 1, ADPCM nals labelled "<1>1", "4>1 "<1>2", and "<I>2", which are 

codec 28 is connected both to time division duplex level-shifted to Vdd- Bias circuit 111 is coupled be- 

block 26 and to microprocessor 27. Internally, level 20 tween power supply terminals Vjt^7-and VsSf receives 

shifter 44 similarly increases the logic levels of digital power siq[>ply voltage Vdd^ and provides an output 

signals provided by digital subsystem 51 to analog sub- signal labelled *'Vpdd" and an output signal labelled 

system 60. "PTUBBIAS". 

Fourth, mixed signal processing system 22 reduces In proportional portion 112, amplifier 120 is an opera- 
power consumption by powering analog subsystem 60 25 tional transconductance amplifier (OTA) having a neg- 
from Vdd and battery-powered output subsystem 61 ative input terminal for receiving signal ^REFf a posi- 
from VbaT' Circuitry in analog subsystem 61 includes tive input terminal for receiving signal ypDD, and an 
drivers which require a high current drive. For exam- output terminal for providing a signal labelled 
pie, subsystem 61 includes drivers to provide analog "PCNTL". Transmission gate 121 has a first current 
outputs to speaker 31 of FIG. 1. By separating the cir- 30 terminal for receiving signal PCNTL, a second current 
cuitry, efficiency losses introduced by regulated charge terminal, a positive control terminal for receiving signal 
pump 43 do not include losses from the high current <>1, and a negative control terminal for receiving signal 
drivers. <I>1. Transistor 122 has a source for receiving power 

FIG. 3 illustrates in partial block form and partial supply voltage Vi>Df a gate for receiving signal <I>1, and 

schematic form PCM codec 29. Illustrated in FIG. 3 is 35 a drain connected to the second current terminal of 

analog subsystem 60 and battery-powered analog sub- transmission gate 121. 

system 61, which includes amplifiers 100, 101, and 102. In integrating portion 113, amplifier 130 has a posi- 
Analog subsystem 60 provides receive analog output tive input terminal for receiving signal V/©/), a negative 
signals labelled *'RO", "AXI+'', and "AXI-''. AXI-j- input terminal, and an output terminal connected to the 
and AXI— form a differential representation of the 40 negative input terminal of amplifier 130. Transmission 
analog output signal. In subsystem 61, amplifier 100 is a gate 131 has a furst current terminal connected to the 
differential amplifier which receives sign^ AXI+ and output terminal of amplifier 130, a second current termi- 
AXI— on input terminals and provides a signal labelled nal, a positive control terminal for receiving signal 
"AXO-h" on a positive output terminal thereof, and a and a negative control terminal for receiving signal <l>2. 
signal labelled "AXO— on a ne^tive output terminal 45 Transmission gate 132 has a first current terminal con- 
thereof. Amplifier 101 is an operational amplifier which nected to the second current terminal of transmission 
receives an input signal labelled "PI" on a negative gate 131, a second current terminal for providing a 
input terminal thereof, a signal voltage labelled **V.ig^* signal labelled "ICNTL'S a positive control terminal 
on a positive input terminal thereof, and provides a for receiving signal ^1, and a negative control terminal 
signal labelled "PO-". Vag is an analog ground refer- 50 for receiving signal 4>1. Transmission gate 133 has a first 
cnce voltage which has a value of approximately current terminal for receiving signal ICNTL, a second 
VA4r/2. Amplifier 102 is an inverting amplifier which current terminal, a positive control terminal for receiv- 
receives signal PC — on an input terminal thereof, and ing signal <I>1, and a negative control terminal for re- 
provides a signal labelled "PO-h** on an output terminal ceiving signal <I>1, Transistor 134 has a source for re- 
thereof. Signals AXO-I- and AXO— may be used to 55 ceiving power supply voltage V/>/>, a gate for receiving 
drive an output device such as a ringer or the like (not signal <1>1, and a drain connected to the second current 
shown in FIG. 1). Input signal PI typically receives terminal of transmission gate 133. Capacitor 135 has a 
^gnal RO and is used with external resistors to set the first terminal connected to the second current terminal 
gain of push-pull signals PO-h and PC— provided by of transmission gate 131» and a second terminal. Trans- 
amplifiers 101 and 102. Amplifiers 101 and 102 are large 60 mission gate 136 has a first current teraunal for receiv- 
enougjh to drive a telephone handset earpiece or small ing signal VREFf a second current terminal, a positive 
speaker. Powering subsystem 61 from V^^j-, instead of control terminal for receiving signal <>1, and a negative 
yoD, reduces power consumption by preventing a large control terminal for receiving signal Capacitor 137 
power loss due to the efficiency of regulated charge has a first terminal connected to the second current 
puinp 43 being less than 100%. 65 terminal of transmission gate 136, and a second terminal 
FIG. 4 illustrates in partial schematic form and partial connected to the second terminal of capacitor 135. 
block form regulated charge pump 43 of FIG. 2 in Transmission gate 138 has a first current terminal con- 
accordance with the present invention. Regulated nected to the second terminals of capacitors 135 and 
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137, a second current terminal, a positive control termi- Charge pump core 114 uses charging capacitor 80 to 

nal for receiving signal <I>1, and a negative control ter- provide voltage Vjdd above voltage Vbat- However, 

minal for receiving signal 4>1. Capacitor 139 has a first proportional portion 112 and integrating portion 113 
terminal connected to the second current terminal of alter the operation of charge pump core 114 to inte- 

transmission gate 138, and a second terminal connected 5 grally regulate Vdd- During Ol (Ol is active), transis- 

to the second current terminal of transmission gate 132. tor VS^ is conductive and couples the second terminal of 

Transmission gate 140 has a first current terminal con- capacitor 80 to Vss- In a conventional charge pump 

nected to the output terminal of amplifier 130, a second design, a single transistor would also couple the first 

current terminal connected to the second current termi- terminal of capacitor 80 to VA4r during <^1. 02 makes 

nal oftransmission gate 136, a positive control terminal 10 transistor 152 nonconductive, isolating the first terminal 

for receiving signal ^2, and a negative control terminal of capacitor 81 from Vx)x>. Thus, during C>1, ^dd is 

for receiving signal ^2. Transmission gate 141 has a first maintained by holding capacitor 81. Transistor 154 is 
current terminal connected to the output terminal of also nonconductive. However, during 4>2 (4>2 active), 

amplifier 130, a second current terminal connected to transistor 153 is inactive, and transistor 154 is conduc- 

the second terminals of capacitors 135 and 137, a posi- tive and connects the second terminal of capacitor 80 to 

tive control terminal for receiving signal 02, and a V^^r- This action boosts the voltage at the first terminal 

negative control terminal for receiving signal <I>2. Am- of capacitor 80 to approximately twice Vbat- Transis- 

plifier 142 has a negative input terminal connected to tor 152 is also conductive, and the charge stored in 

the second current terminal of transmission gate 138, a capacitor 80 is dumped into holding capacitor 81. At the 

positive input terminal connected to the output terminal ^ end of <I>2, transistor 152 becomes nonconductive and 

of amplifier 130, and an output terminal connected to holding capacitor 81 maintains the level of ^od- By 

the second current terminal oftransmission gate 132 and repeating this operation, capacitor 81 eventually 

to the second terminal of capacitor 139. charges up to approximately twice Vbat- 

In charge pump core 114, transistor 150 has a source However, in regulated charge pump circuit 43, the 

connected to ^BATy & g&te connected to the second conventional transistor from the first terminal of capaci- 

current terminal of transmissiQn gate 121, a drain, and a tor 80 to Vj^j is replaced by tranastors 150 and 151. 

bulk or weU receiving signal PTBUBIAS. Transistor Transistors 150 and 151 are made conductive in re- 

151 has a source connected to V^^j; a gate connected sponse to signals PCNTL and ICNTL, which are pro- 

to the second current terminal of transmission gate 133, vided by proportional portion 112 and integrating por- 

a drain connected to the drain of transistor 150 at termi- tion 113. Amplifiers 120 and 142 have outputs reference 

nal 72, and a bulk or well receiving signal FTUBBIAS. to Vdd, whereas an:q>lifier 130 has an output referenced 

Transistor 152 has a first current electrode connected to to Vbat* Proportional portion 112 makes transistor 150 

the drains of transistors 150 and 151, a gate for receiving proportionately conductive in response to a comparison 

signal a second current electrode for providing 33 of Vi>/)i> and Vref- Portion 112 has a fast response to 

power supply voltage Vnih and a bulk or well receiving bring Vx>/>to approximately a desired voltage. Integrat- 

signal FTUBBIAS. Note that which current electrode ing portion 113, however, operates somewhat slower to 

is designated as source or drain depends on the voltages make transistor 151 proportionately conductive to bring 

applied. Capacitor 80 has a first terminal connected to Vi>x> very close to the desired value. Thus, regulated 

terminal 72, and a second terminal connected to termi- 4^ charge pump 43 charge pumps Vi^j-and regidates the 

nal 73, as previously illustrated. Transistor 153 has a charge-pumped voltage to efficiently provide Vdd at 

drain connected to iht second terminal of capacitor 80 the desired voltage (-{-S.O volts), 

at node 73, a gate for receivmg signal 4>1, and a source Bias circuit 111 provides Vpdd at a predetermined 

connected to V55. Transistor 154 has a source con- fraction of a desired value of VDLf; the predetermined 

nected to power supply voltage Vbat* a gate for receiv- 45 fraction is that fraction that makes V/>oo equal to Vrbf 

ing signal <1>2, a drain connected to the drain of transis- when Vdj^ 'is equal to its desired value. In the illustrated 

tor 153, and a bulk or well connected to PTUBBIAS. embodiment, the desired value of Wdd is +5.0 volts. 

Capacitor 81 has a first terminal connected to the sec- and the value of Vj^et is approximately 1.25 volts, 

ond current electrode of transistor 152 via terminal 74, Thus, in order to make VpDD equal to 1.25 volts when 

and a second terminal coimected to VsSf as previously so ^dd '^ 5.0 volts, a fraction of 0.25 is applied. The accu- 

illustrated. racy of the fraction is determined by the technique used % 

Qrcuit 110 is a conventional non-overlapping clock to generate it, which is described with reference to 

generator circuit which receives signal CLOCK, and FIG. 5 below. 

provides four clock signals labelled <I>1, Ol, 02, and <I>2, Amplifier 120 compares Vref to vpdd- In the iUus- 
which are level shifted to Wdd- Because of the non- 55 trated embodiment, amplifier 120 is an operational 
overlap, signal <I>1 is not the same js signal 4>2, and transconductance amplifier (OTA), whose output volt- 
signal <l>2 is not the same as signal <t>l. As previously age varies in response to a difference in voltage between 
illustrated with respect to FIG. 2, capacitors 80 and 81 the positive and negative input terminals. The gate of 
are coupled to regulated charge pump circuit 43 via transistor 150 provides a capacidve load, with transistor 
terminals 72 and 73, and 74 and 71, respectively. Al- 60 122 providing a puUup to Vi>/x During 4>1, transmission 
though capacitors 80 and 81 may be viewed as integral gate 121 is active to pass the signal PCNTL at the out- 
parts of regulated charge pump 43, they are preferably put of amplifier 120 to the gate of transistor 150. Ampli- 
extemal to an integrated circuit which includes regu- fier 120 varies signal PCNTL until the voltages at the 
lated charge pump 43 because of their required size. For positive and negative input terminals are equal; thus, 
example, in the Olustrated embodiment, capacitors 80 6S amplifier 120 makes transistor 150 differentially more or 
and 81 have values of approximately 0. 1 and 1.0 micro- less conductive until Vdd is approximately equal to its 
farads, respectively, and thus it is impractical to build desired voltage. Proportional portion 112 operates very 
such capacitors on an integrated circuit quickly in response to changes in load conditions on 
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Vi>f>; however, amplifier 120 and transmission gate 121 Transmission gate 206 has a first current terminal con- 
introduce offsets which limit the accuracy of ^dd- nected to the second terminal of resistor 201, a second 
Integrating portion 113 adjusts the conductivity of current terminal, a positive control terminal for receiv- 
transistor 151 to further increase the accuracy oiVDD- ing a signal labelled "HYST", and a n egative control 
Integrating portion 113 is a switched capacitor 5 terminal for receiving a signal labelled **HYST'. Trans- 
(switched-Q differential integrator which integrates a mission gate 207 has a first current terminal connected 
difference between Vpdd and Vref over time. While to the second terminal of resistor 204, a second current 
slower in response than proportional portion 112, inte- terminal connected to the second current terminal of 
grating portion 113 includes the history of the signal transmission ga te 206, a positive control terminal for 
levels, which eventually cancels the offset error of pro- 10 receiving signal HYST, and a negative control terminal 
portional portion 112. Amplifier 130 is a unity-gain for receiving signal HYST. 

differential amplifier which buffers signal Wpdd and In second resistor string circuit 210, resistor 211 has a 
keeps hxtegrating portion 113 from affecting the opera- . first terminal for receiving power supply voltage Vdd, 
tion of proportional portion 112. At power up, signals and a second terminal. Transmission gate 212 has a first 
PCNTL and ICNTL are low in potential, making tran- 15 current terminal connected to the second terminal of 
sistors 150 and 151 strongly conductive to reach the resistor 211, a second current terminal, a positive con- 
desired value of Vdd quicker. Because of battery life trol terminal for receiving a signal labelled "PD2", and 
reduction and a voltage drop in the power supply volt- a nega tive control terminal for receiving a signal la- 
ages due to a rapid change in current, known as a di/dt belled PD2. Transmission gate 213 has a first current 
voltage drop, it is important to include a resistance in 20 terminal connected to the second current terminal of 
series with the gates of transistors 150 and 151 to de- transmission gate 212, a second current terminal^ a posi- 
crease the switchipg speed somewhat (not shown in tive control terminal for receiving signal PD2, and a 
FIG. 4). negative control terminal for receiving signal PD2. 

Regulated charge pump 43 provides Wdd at a desired Resistor 214 has a first terminal connected to the second 
value of approximately 5.0 volts without having to first 25 current terminal of transmission gate 213, and a second 
charge pump the battery voltage to a multiple thereof, terminal for providing signal Wpdd- Resistor 215 has a 
and then to regulate or clamp the charge-pumped volt- first terminal connected to the second terminal of resis- 
age to a desired, lower voltage. This regulation can be tor 2H and a second terminal connected to V$$. 
very advantageous for some values of Vbat- For exam- Conq>arator 220 has a positive iiq)ut terminal con- 
pie, immediately after recharge, VjMjmay be approxi- 30 nected to the second current terminal of transmission 
mately 5.4 volts. A conventional voltage^oubling gate 206, a negative input terminal connected to the 
ch^ge pump circuit provides a voltage of 10.8 volts, second current terminal of transmission gate 212, and an 
which may be harmful to circuitry designed to operate output terminal for providing a signal labelled **Couf*' 
at 5.0 volts. Furthermore, conventional methods of In hysteresis control circuit 230, NOR gate 231 has a 
shunt regulation or clamping also waste current. Regu- 35 first input terminal for receiving a signal labelled "PD", 
lated charge pump 43 provides regulation such that a second input terminal connected to the output termi- 
Wdd is never doubled. Regulated charge pump 43 also nal of comparator 220 for receiving signal Cqut 
does not use clamping devices such as Zener diodes to thereo n, and an output terminal for providing signal 
limit the output voltage, but rather uses proportional HYST. Inverter 232 has an input terminal connected to 
and integrating action to provide V^ij with hig^ accu- 40 the output terminal of NOR gate 231, and an output 
racy and high efficiency. terminal for providing signal HYST. 

FIG. 5 illustrates in partial schematic form and partial In bias generator circuit 240, level shifter 243 is con- 
block form bias circuit 111 used in regulated charge nected to the output terminal of comparator 220, and 
pump 43 of FIG. 4. Bias circuit 111 includes generally a provides an output signal on an output terminal thereof, 
first resistor string circuit 200, a second resistor string 45 Inverter 244 has an input terminal connected to the 
circuit 210, a comparator 220, a hysteresis control cir- output terminal of level shifter 243, and an output termi- 
cuit 230, and a bias generator circuit 240. First resistor nal. Resistor 245 has a first terminal connected to Vbat, 
string circuit 200 includes resistors 201 and 202, a trans- and a second terminal. Transmission gate 246 has a first 
mission gate 203, resistors 204 and 205, and transmission current terminal connected to the second terminal of 
gates 206 and 207. Second resistor string circuit 210 50 resistor 245, a second current terminal for providing 
includes a resistor 211, transmission gates 212 and 213, signal PTUBBIAS, a positive control terminal con- 
and resistors 214 and 215. Hysteresis control circuit 230 nected to the output terminal of comparator 220, and a 
includes a NOR gate 231 and an inverter 232. Bias gen- negative control terminal connected to the output ter- 
erator circuit 240 includes a level shifter 243, an inverter minal of inverter 244. Transmission gate 247 has a fu-st 
244, a resistor 245, and transmission gates 246 and 247. 55 current terminal connected to the second current tenni- 

In first resistor string circuit 200, resistor 201 has a nal of transmission gate 246, a second current terminal 
first terminal connected to VA4r» and a second terminal. for receiving power supply voltage Vdi), a positive 
Resistor 202 has a first terminal connected to the second control terminal connected to the output tenninal of 
ternunal of resistor 201, and a second terminal. Trans- inverter 244, and a negative control tenninal connected 
mission gate 203 has a first current terminal connected 60 to the output terminal of level shifter 243. 
to the second tominal of resistor 202, a second current Bias circuit 111 performs two fiinctions. First, bias 
terminal, a positive control terminal for receiving a circuit 111 provides signal Vpdd for use in the propor- 
signal labelled "PDl'*, and a n egativ e control terminal tional and mtegrating functions of regulated charge 
for receiving a signal labelled "PDl". Resistor 204 has pump 43. Second, bias circuit 111 provides signal 
a first terminal connected to the second current terminal 65 PTUBBIAS to bias the bulk or well of P-channel tran- 
of transmission gate 203, and a second terminal. Resistor sistors in regulated charge pump 43, namely transistors 
205 has a fu^t tennmal connected to the second tenninal ISO, 151, 152, and 154, with Vbatot Vdd, whichever is 
of resistor 204, and a second tenninal connected to Vss. greater. In order to understand the remainder of the 
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operation, it is first necessary to describe the control 
signal generation. Signal PD is a powerdown indication 
active at a logic high. Signal PDl is equivalent to a 
logical AND of signals PD and Cot/rand is active at a 
logic low. Signal PD2 is equivalent to signal PDl but is 
level-shifted to Vdd and is active at a logic low. 

Resistor string circuit 210 performs the first function 
of p rovid ing signal VpDi> When control signals PD2 
and PD2 are inactive^ Vpdd'^ provided as the product 
of a resistive voltage division between resistors 211,214, 
and 215. Thus, 

Vi»D!Z>= Vi)x,(R2ii/at2i 1 + R214+R215)) 

where R211 is the resistance of resistor 211, R214 is the 
resistance of resistor 214, and R215 is the resistance of 
resistor 215. By choosing proper resistor values, Vpdd 
can be made equal to 0.25Vi3!D; thus, for a value of 
V/>£>=5.0 volts, VpDD is equal to 1.25 volts. When 



voltage drop is introduced by resistors 202 and 204, 
Vdd must decrease by an additional amount before 
Coc/7*is again activated. Thus, the hysteresis provided 
by bias circuit 111 prevents instability under varying 
power supply conditions. 

While the invention has been described in the context 
of a preferred embodiment, it will be apparent to those 
skilled in the art that the present invention may be modi- 
fied in numerous ways and may assume many embodi- 
ments other than that specifically see out and described 
above. For example, V^^s could be the positive power 
supply with the other power supply voltages Vbat^ 
Vdd* and Vusp at negative voltages in reference 
thereto. Furthermore, although battery voltage Vbat 
was illustrated, mixed signal processing system 22 pro- 
vides the same advantages when any highly variable 
power supply voltage is used. In addition, a different 
number and type of batteries may be used» as long as the 
regulated charge pump 43 alters VDDuntavRBF^^VpDih ^ voltage during the operating life is at least 17 volts. In 
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and since Vref^^''25 volts, resistor string circuit 210 
assures that Vdd is equal to S.O volts with high accu- 
racy. 

It is important to provide relatively high values for 
resistors 211, 214, and 215 to limit the current flowing 
therethrough. In order to provide the high resistances, 
lightly-doped diffusion or well resistors are preferred. 
These resistors are preferable to polysilicon resistors 
because, although polysilicon resistors are more accu- 
rate, they require much more circuit area. For example, 
a typical resistivity of a polysilicon resistor is approxi- 
mately 20 ohms per square, whereas the resistivity of a 
well resistor is approximately 1.4 kilohms per square. In 
the preferred embodiment, R211 is lOS kilohms, Riuis 
53.2 kilohms, and R2 is is 51.8 Idlohms. Thus, low cur- 
rent flow is assured. 

The second function of bias circuit 111 is to provide 
voltage PTUBBIAS in order to assure reliable opera- 
tion of regulated charge pump 43 under varying power 
supply conditions, such as during power up. Immedi- 
ately after power tqp, Vdd has not yet attained its target ^ 
value of 5.0 volts and may in £ict be very close to zero. 
If N-wells were always biased to Vdd* then immedi- 
ately after power up a diffusion-to-well FN junction 
may become forward biased, which would be harmful 
to the integrated circuit Thus, bias generator circuit 
240 provides PTUBBIAS at a voltage of essentially 
V^^r when either V/wris greater than Vdd or when 
signal PD is active. 

In order to compare Vdd to Vbat* resistor string 
circuit 200 performs a similar voltage diviaon as resis- ^ 
tor string circuit 210. There is one diifFerence, however. 
Resistor string circuit 200 includes hysteresis. After 
powerup (PD is inactive), when the battery voltage 
V^irexceeds Vdd, signal Cqut'^ activated. Since PD 
is inact ive, hysteresis control circuit 230 activates signal 55 
HYST at a logic low, and activates signal HYST at a 
logic high, making transmission gate 206 active and 
transmission gate 207 inactive. Thus, the voltage pro- 
portional to Vi^rapplied to the positive input terminal 
of comparator 220 is taken from the second terminal of 60 
resistor 201 in resistor string circuit 200. However, as 
soon as V/>Di> exceeds the potential of the second termi- 
nal of resistor 201, Covt becomes n egated. Hysteresis 
control circuit 230 inactivates HYST at a logic high, and 
inactivates signal HYST at a logic low. Transmission 65 
gate 206 is inactive, and transmission gate 207 is active 
and the proportional voltage is now taken from the 
second terminal of resistor 204. Since now an additional 



another embodiment, a portion of digital subsystem 51 
may be coiq)led to Vdd to maximize speed. Also, Vdd 
could be generated by a switching regidator, also called 
a switch mode regulator. Accordingly, it is intended by 
25 the appended claims to cover all modifications of the 
invention which fzSl within the true spirit and scope of 
the invention. 
I claim: 

1. A regulated charge pump comprising; 
a charge pump core for boosting a first voltage exist- 
ing at a first 

terminal of a charging capacitor during a first 
predetermined time period, by an amount equal to 

a first 

power supply voltage referenced to a second 

power supply 
voltage during a second predetermined time per- 
iod, and 

providing a regulated charge-pumped voltage in 
response, 

said charge pump core comprising first and second 
transistors; 

said first transistor having a fust current electrode for 
receiving 

said first power supply voltage, a control elec- 
trode, and a 

second current electrode coupled to said first ter- 
minal of 
said charging capacitor; 
said second transistor having a first current electrode 
for 

receiving said first power supply voltage, a control 
electrode, and a second current electrode coupled 
to said 

first terminal of said charging capacitor; 
proportional means coupled to said control electrode 
of said first 

transistor, for changing said first voltage propor- 
tionately 

in response to a difference between a reference 
voltage and a proportional voltage by altering a 
conductivity of said first transistor, said propor- 
tional 

voltage being a predetermined fraction of said reg- 
ulated 

charge-pumped voltage, said predetermined frac- 
tion 
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making said proportional voltage equal to said 
reference 

voltage when said regulated charge-pumped volt- 
age is 

equal to a desired value; and 5 
integrating means coupled to said control electrode 
of said 

second transistor, for further changing said first 
voltage 

proportionately in response to an integration of a 10 
difference between said proportional voltage and 



reference voltage by altering a conductivity of said 
second 

transistor. 15 

2. The regulated charge pump of claim 1 wherein said 
charge pump core comprises storing means coupled to 
said fust terminal of said charging capacitor^ for storing 
a voltage at said first terminal of said charging capacitor 
during said second predetermined time period. 20 

3. The regulated charge pump of claim 2 wherein said 
storing means comprises: 

a holding capacitor having a first terminal for provid- 
ing said 

regulated charge-pumped voltage thereon, and a 2S 
second 

terminal for receiving said second power supply 

voltage; 
and 

coupling means for coupling said first terminal of said 30 
charging capacitor to 

said first terminal of said holding capacitor during 
said 

second predetermined time period. 

4. The regulated charge pump of claim 1 wherein said 35 
charge pump core further comprises: 

a third transistor having a first current electrode cou- 
pled to a 

second terminal of said charging capacitor, and a 
second 40 

current electrode for receiving said second power 
supply 

voltage, said third transistor conductive during 
said first 

predetermined time period; and 45 
a fourth transistor having a first current electrode for 
receiving 

said first power supply voltage, and a second cur- 
rent 

electrode coupled to said second terminal of said SO 

charging 

capacitor, said fourth transistor conductive during 
said 

second predetermined time period. 

5. The regulated charge pump of claim 4 further 55 
comprising biasing means for biasing a bulk of said first, 
second, and fourth transistors at a higher one of either 
said first power supply voltage or said regulated 
charge-pumped voltage. 

6. The regulated charge pump of claim,6 wherein said 60 
biasing means comprises: 

means for providing first and second voltages of said 
biasing 

means respectively at first and second fractions of 

said 6S 
first power supply voltage 
means for providing a third voltage of said biasing 
means' at a 



third fraction of said regulated charge-pumped 
voltage, 

a comparator having a positive input terminal, a nega- 
tive input 

terminal, and an output terminal for providing a 
compare output signal; 
means for coupling said first voltage of said biasing 
means to 

said positive input terminal of said comparator in 
response to said compare output signal, and for 
coupling 

said second voltage of said biasing means to said 
positive 

input terminal of said comparator otherwise; and 
means for providing said first power supply voltage 
as a bulk 

bias voltage in response to said compare output 
signal, 

and for providing said regulated charge-pumped 
voltage 

as said bulk bias signal otherwise. 

7. The regulated charge pump of claim 1 wherein said 
proportional means comprises means for making said 
first transistor nonconductive during a third predeter- 
mined time period, and wherein said integrating means 
comprises means for making said second transistor non- 
conductive during said third predetermined time per- 
iod, said third predetermined time period occurring 
other than during said first predetermined time period. 

8. The regulated charge pump of claim 1 wherein said 
reference voltage is characterized as being a bandgap 
reference voltage. 

9. The regulated charge pump of claim 1 wherein said 
proportional means comprises a comparator having a 
first input terminal for receiving said reference voltage, 
a second input terminal for receiving said proportional 
voltage, and an output terminal, said proportiozial 
means changing said voltage at said first terminal of said 
charging capacitor in response to a voltage at said out- 
put terminal of said comparator. 

10. The regulated charge pump of claim 1 wherein 
said first and second transistors each comprises a P- 
chaimel MOS transistor. 

11. The regulated charge pump of claim 1 wherein 
said proportional means alters said conductivity of said 
first transistor during said first predetermined time per- 
iod, and wherein said integrating means alters said con- 
ductivity of said second transistor during said first pre- 
determined tune period. 

12. A regulated charge pump comprising: 
a charge pump core comprising: 

a charging capacitor having first and second termi- 
nals; 

means for selectively coupling said second terminal 
of 

said charging capacitor to a first power supply 
voltage terminal in response to a first clock sig- 
nal; 

means for selectively coupling said second terminal 
of 

said charging capacitor to a second power sup- 
ply 

voltage terminal in response to a second clock 
signal; 

a first transistor having a first current electrode 
coi^led to 

said first power supply voltage terminal, a con- 
trol 
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electrode, and a second current electrode cou- 
pled to 

said first terminal of said charging capacitor, 
a second transistor having a first current electrode 
coupled 5 
to said first power supply voltage terminal, a 
control electrode, and a second current elec- 
trode 

coupled to said Hrst terminal of said chargmg 
capacitor, and 
means for storing a voltage existing at said first 
terminal 

of said charging cs^iacitor in response to said 
second 

clock signal^ and for providing a regulated 

charge-pumped voltage in response thereto; 
bias means for providing a proportional voltage as a 
pred^rmined proportion of said regulated 

charge-pumped 
voltage, said predetermined proportion being 
such that said proportional voltage is equal to a 

reference 

voltage when said regulated charged-pmcqped volt- 
age has a 
predetermined value; 
proportional means for comparing said proportional 
voltage to 

said reference voltage and making said first transis- 
tor 

conductive in response; and 
integrating means for integrating a difference be- 
tween said 

proportional voltage and said reference voltage 
and for 3^ 

making said second transistor proportionately con- 
ductive 

in response. 

13. The regulated charge pxmip of claim 12 wherein 
said proportional means comprises: ^ 

an operational transconductance amplifier having a 
positive 

input terminal for receiving said proportional volt- 
age, a 

negative input terminal for receiving said reference 45 
voltage, and an output terminal; 
a transmission gate having a first terminal coupled to 
said output 

terminal of said operational transconductance am- 
plifier, 50 

and a second tenninal coupled to said control elec- 
trode of 

said first transistor, said transmission gate made 
conductive 

in response to said first clock signal. 55 

14. The regulated charge pump of daim 12 wherein 
said integrating means comprises: 

an amplifier having a positive input terminal for re- 
ceiving said 

proportional voltage, a negative input terminal, 60 
and an 

output terminal coupled to said negative input ter- 
minal 
thereof; 

a switched capacitor integrator coupled to said ampli- 6S 
fier for 

providing an output voltage in response to an inte- 



of said difference between said proportional volt- 
age and 
said reference voltage; and 
a first transmission g^te having a first terminal for 
receiving said 

output voltage of said switched capacitor integra- 
tor, and a 

second terminal coupled to said control electrode 
of said 

second transistor, said first transmission gate made 
conductive in response to said first clock signal. 

15. A method of providing a regulated charge- 
pumped voltage comprising the steps of: 

providing a charging capacitor; 
alternately, coupling a second terminal of said charg- 
ing c^iacitor 

to a first power supply voltage terminal, or cou- 
pling said 

second tenninal of said charging capacitor to a 
second 

power supply voltage terminal, respectively in 
response to 

first and second non-overlapping clock signab; 
providing the regulated charge-pumped voltage in 
re^onse to a 

first voltage at a first terminal of said charging 
capacitor, 

forming a second voltage proportional to the regu- 
lated charge-pumped 
voltage; 

comparing said second voltage to a reference voltage; 
biasing a first transistor, coupled between said first 
power supply 

voltage terminal and a first terminal of said charg- 
ing 

capacitor, to be conductive proportionally to a 
comparison of said second voltage to said reference 
voltage; 

integrating a difference between said second voltage 
and said 

reference voltage; and 
biasing a second transistor, coupled between said first 
power 

supply voltage terminal and said first terminal of 

said 

charging capacitor, to be conductive proportion- 
ally to 

an integrated difference between said second volt- 
age 

and said reference voltage. 

16. A circuit for providing a bulk bias voltage com- 
prising: 

means for providing first and second voltages respec- 
tively at 

first and second fractions of a first power supply 
voltage; 

means for providing a third voltage at a third fraction 
of a 

second power supply voltage 
a comparator having a positive input terminal, a nega- 
tive input 

terminal, and an oo^ut terminal for providing a 
compare output signal in either a first state in re- 
sponse to 

a voltage at said positive input terminal exceeding 
a 

voltage at said negative input terminal, or in a sec- 
ond 
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state in response to said voltage at said negative 
input 

terminal exceeding said voltage at said positive 
input 

terminal; ^ 
means for coupling said first voltage to said positive 
'mpixt 

terminal of said comparator in response to said 
compare 

output signal being in said first state, and for cou- 
pling 

said second voltage to said positive input terminal 
of said 

comparator in response to said compare output ^5 
signal 

being in said second state, and 
means for providing said first power supply voltage 
as the bulk 

bias voltage in response to said compare ou^ut 20 
signal 

being in said first state» and for providing said sec- 
ond 

power supply voltage as said bulk bias voltage in 



response 

to said compare output signal being in said second 
state. 

17. The circuit of claim 16 wherein said means for 
providing said first and second voltages comprises: 

a first resistor having a first terminal for receiving 
said first power supply voltage, and a second 
terminal for providing said first voltage; 

a second resistor having a first terminal coupled to 
said second 
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a third resistor having a first terminal coiq>]ed to said 
second 

terminal of said transmission gate, and a second 
terminal 

for providing said second voltage; and 
a fourth resistor having a first terminal coupled to 
said second 

terminal of said third resistor, and a second termi- 
nal 

for receiving a third power supply voltage. 
18. The circuit of claim 16 wherein said means for 
providing said third voltage comprises: 
a first resistor having a first terminal for receiving 

said second power supply voltage, and a second 

terminal; 

a first transmission gate having a first terminal con- 
nected to said 

second terminal of said first resistor, and a second 
terminal connected to said negative input terminal 
of 

said comparator, and made conductive in 
response to a powerdown signal; 
a second transmission gate having a first terminal 
connected to 

said second terminal of said first transmission gate, 
and a 

second terminal, and made-conductive in response 

to said 
powerdown signal; 
a second resistor having a first terminal coupled to 
said second 

terminal of said second transmission gate, and a 
second 

terminal for providing a fourth voltage; and 



. , ^ . , ^ . , 35 a third resistor having a first terminal coupled to said 

termmal of said first resistor, and a second tenmnal; second 

a transmission gate having a first terminal connected 

to said 



terminal of said second resistor, and a second termi- 
nal 

second terminal of said second resistor, and a sec- for receiving a third power supply voltage. 

ond 40 19. The circuit of claim 16 wherein said first power 

terminal, and made conductive in response to a supply voltage is a battery voltage, 
powerdown signal; ♦ * * • • 
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[57] ABSTRACT 

Charge pump circuitry is implemented using a voltage 
shifting technique to generate a symmetrical bipolar 
voltage. The symmetrical bipolar voltage charge pump 
power supply can be fabricated as an integrated circuit 
on a single substrate, and can be integrated with various 
interface circuits to provide symmetrical bipolar volt- 
age thereto. The charge pump includes voltage shifting 
circuitry which generates an increased output voltage 
of a negative polarity and an increased output voltage 
of a positive polarity. The shifting circuitry is respon- 
sive to an internal oscillator which triggers charge ac- 
cumulation and voltage shifting. Neither output voltage 
is generated from the other output voltage. Rather, the 
negative and positive supply voltages are each gener- 
ated, in substantially the same manner, by charge trans- 
fer effected by the voltage shifting circuitry in response 
to triggering by the internal oscillator. Additional cir- 
cuitry can be fabricated on a single substrate in combi- 
nation with the presently disclosed charge pump to 
effect the optimum utilization of circuit board area 
while minimizing power consumption. 

25 Claims, 4 Drawing Sheets 
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1 2 

CHARGE PUMP WITH SYMMEraiCAL+V AND SUMMARY OF THE INVENTION 

—V OUTPUTS A charge pump is presently disclosed which imple- 

ments a novel voltage shift technique to generate a 
FIELD OF THE INVENTION 5 bipolar voltage having balanced or symmetrical drive 

capability. 

The present mvendon relates to charge pump cir- embodiment, a charge pump power supply is 

cuits, and in particular to circuitry for converting a integrated into a single piece of semiconductor substrate 
unipolar supply voltage to a bipolar voltage of greater material, and can be integrated with various interface 
magnitude. 10 circuits to provide a symmetrical bipolar voltage 

BACKGROUND OF THE INVENTION thmxo. The shifting circuitry is responsive to an inter- 

BACKGROUND OF THE IN vtN 1 lOiN oscillator which triggers charge accumulation and 

Integrated circuits are known which contain inver- voltage shifting. Unlike the prior art charge pumps 
ting/non-inverting voltage doubler charge pump cir- referenced hereinabove, the negative bipolar output 
cuitry for converting a unipolar supply voltage to a 15 voltage is not generated from the positive bipolar out- 
bipolar supply voltage of greater magnitude. Typically, put voltage. Rather, the negative and positive bipolar 
the charge pump circuitry is fabricated on a single chip output voltages are each generated, in substantially the 
that receives the unipolar supply voltage (e.g. +5 v) same manner, via the symmetrical charge transfer tech- 
and doubles it. The doubled voltage is then inverted, nique herein described. 

resulting in the bipolar voltage of increased magnitude 20 Features of the invention mclude provision of sym- 
(e.g. +/- 10 V), which is used as a bipolar supply for metrical + V and -V output voltages under balanced 
on-chip circuitry, such as RS232 receivers and transmit- load conditions. Tlie charge pump can also be mte- 

grated with various other circuits including mterface 
U S Pat Nos 4 679 1 34- 4 777 577* 4 797 899- circuits in conformance with RS232, RS422, RS485 and 
4.809,152; 4.897.774; 4.636.930 and 4.999.761 illuslrate other standards, or any other functional circuitry as 
various implementations of such circuitry. The devices ^''^ ' 

disclosed and claimed therein include switches which DESCRIPTION OF THE DRAWING 

act during a first phase to direct a source voltage (uni- ^^^^^ ^^^^^^ ^^^^^^^^ invention will be 

polar) to a first capacitor. The first capacitor charges to 3^ ^^^^ ^j^^jy understood with reference to the specifica- 
the unipolar source voltage. Dunng a second phase, ^^^^ accompanying drawings in which: 

switches act to place the source voltage m senes with pjQ j ^ pj^^ ^^^^^^^ simulation outputs for a 
the voltage stored on the first capacitor to create a ^j^^rge pump with a voltage doubler and voltage in- 
source of positive voltage which is approximately two ^gj^g^ according to the prior art; 
times the unipolar source voltage. A reservoir capacitor 35 piQ 2 is a general schematic diagram of a charge 
is charged to the doubled positive voltage. The doubled pu^p circuit for generating symmetrical -I- V and -V 
positive voltage is stored on a transfer capacitor and output voltages; 

subsequently transferred to a reservoir capacitor. Inver- FIG. 3 is a timing diagram of oscillator signals pro- 
sion of the doubled positive source voltage is then pro- viding the timing sequence for the charge pump circuit 
vided to generate the negative doubled portion of the 40 of FIG. 2, for generating symmetrical +V and —V 
bipolar voltage. Thus, in the referenced prior an, the output voltages; 

doubled positive voltage is generated first and the in- FIG. 4 is a schematic diagram providing greater de- 
verted (i.e. negative) voltage is generated from the dou- tail of the charge pump circuit of FIG. 2 for generating 
bled positive voltage. symmetrical +V and -V output voltages; 

Use of the positive voltage to generate the negative 45 FIG. 5 is a timing diagram of oscillator signals pro- 
voltage in charge pump circuits known in the prior art aiding the timing sequence for the charge pump circuit 
is disadvantageous with respect to the asymmetrical of FIG, 4, for generatmg symmetncal +V and --V 
loading characteristic of the respective outputs. As output voltages; and . . 

illustrated in FIG. 1, in the prior art. given similar load- FIG. 6 is a plot of circuit simulation outputs for a 
ing the negative voltage output is lower than the posi- 50 charge pump according to FIGS. 2. 3. 4 and 5 general- 
tive voltage output, i.e.. the positive and negative volt- symmetncal + V and -V output voltages, 

age signals are asymmetrical with respect to their com- DETAILED DESCRIPTION 

mon reference For instance, in the simulation of the ^ ^^^^^ implementing a symmetrical 

pnorart whichisdlustrated.aumpolar+5 Vsourceis 5^ ^ shifting technique is generally illustrated in 
provided to a charge pump with a voltage doubler and ^ ^^^^^ triggered by an oscillator (not 

inverter. The conventional voltage doubler and mverter ^^^^^^ ^^^^^ generates a timing sequence, Ulustrated 
doubles the source voltage to provide a doubled posi- ^ pjQ 3 ^ plurality of switches, working in conjunc- 
tive voltage and the negative voltage is generated by j^q^ and represented functionally as SI, S2, S3, and S4, 
inverting the positive doubled voltage. While the pnor ^ ^re triggered by the timing sequence as described here- 
art charge pump circuitry results in a doubled positive inafter. Though shown schemaiicaUy for simpUcity in 
voltage C. averaging -h9.15 volts under a 3 K ohm piG. 2. it should be understood that the switches com- 
resistive load, the negative portion D generated by prise semiconductor switches. 

inverting the positive voltage averages —8.67 volts. During a first time interval Tl. switches indicated as 
under the same load. 65 SI are closed so as to be in a conductive state in re- 

The asymmetry of the doubled positive and inverted sponse to a first frequency Fl, causing a first transfer 
voltages negatively affects operational tolerance of capacitor 12 to be charged to approximately the source 
circuitry constituting a load to the charge pump. voltage + V. During a second time interval T2, 
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switches SI are opened so as to be in a non-conductive The timing diagram of FIG. 5 illustrates the various 
state and switches S2 are closed in response to a second frequencies of the oscillator employed to cause charge 
frequency F2, causing the positive (+) side of the transfer and voltage shifting which result in the sym- 
charged first transfer capacitor 12 to be shifted from metrical -V and +V charge pump outputs, according 
-f V and connected to ground, effectively changing the 5 to this illustrative embodiment. The oscillator can be 
reference of the voltage on the positive side of the first fabricated via any technique well known in the art and 
capacitor 12. Closing the switches S2 during the second employs oscillation circuitry generally known in the 
time interval T2 also connects a second capacitor 14 art. The circuit Ulustrated in FIG. 4 receives a unipolar 
between the +V voltage source and the negative side supply input voltage -h V. The circuit includes P chan- 
of the transfer capacitor 12, thereby causing the capad- W nel .and N channel field effect transistors (FETs), which 
tor 14 to be charged to a magnitude of twice the + V perform the switching functions, substantiaUy as de- 
voltage, and to be biased between + V and V respec- scribed hereinabove and as illustrated in FIG. 5. Whfle 
tively at the positive and negative ends thereof. During ^Ts are depicted, it is understood that any semicon- 
a third time interval T3, switches S3 are closed in re- ^uctor switches can be employed with appropnate 
sponse to a third frequency F3. While the first transfer inodificauons to provide for proper biasmg and activa- 
capacitorl2 is again charged during a pulse P accord- uon of such switche^ . ^ * r r * 
ing to the first frequency Fl. the bias of the second ^ Y"*"' xlV^""^^ Fl, is received at the gate of a fus 
capacitor 14 undergoes a negative voltage shift such N channel FET 30 which is configured as a switch that 
thTt the capacitor 14 is interconnected in the circuit « conductive when us gate is taken high. An inverse 
with the p^itive side of the capacitor 14 switchably ^^J^^' is received at the gate of a fi«t P channel 
connected^o ground and the negative side of the capac FET 32 configured as a switch that is conductive when 
■* * if ui * ^ * *u Its gate IS taken low. Dunng a first time interval Tl , Fl 
ilor 14 switchably connected to the negative ^de of a ^ ^^J^^^^^ ^ ^^^^^^ FET 30 in a 

first storage capacitor 16. to provide the negative por- ^^^^uctive state, while Fi. an active low signal puts the 

''^^:-2y'Sf!5'^^Pf^^^^ . • • 25 firstPchannelFET32inaconductivestateTcoiinecting 

The puke P. Illustrated m Fl causes the first capaci- ^ ^^^^ ^^^^^^^ ^^^^ 3^ ^^^^^^ ^^1^^ ^ 

tor 12 to become charged to the supply vo tage (+ V) ^ j ^^^^ ^^^^ capacitor 34 

dunng the time mterval T3. A pulse PI, illustrated in .^^^^^ j^. ^ ^^^^^^ 

F2 causes the switches S2 to close, causing the positive -^^^^^^ pj, ^ ^^^^^ 

(+) side of the charged first capacitor 12 to be shifted 3^ ^ ^^^-^^ ^j^^ ^ ^^^^^^ 

from +V and connected to ground, effectively chang- p^^^ 35 p channel FET 40. respec- 

ing the reference of the voltage on the positive side of tj^^jy ^j^j, p^j switches 30 and 32 in a non^nduc- 

the first capacitor 12. Also during the same time inter- ^^^^ ^^^^^^ and with FET switches 36. 38 and 40 in a 

val, the second capacitor 14 is switchably connected conductive state in accordance with their respective 

between the -|- V voltage source and the negative (-) 35 g^tj^g ^jg^aJs F2' and F2. the positive side of the 

side of the transfer capacitor 12. thereby causing the charged capacitor 34 is shifted from + V and connected 

capacitor 14 to be charged to a magnitude of approxi- ground through the active FET 36. effectively 

mately twice the -hV voltage, with the (+) and (-) changing the reference of the volUge on the positive 

ends thereof being biased substantially symmetrically gj^e of the transfer capacitor 34. A second capacitor 42 

around the ground reference. 40 is connected, via conducting FET switches 38 and 40 

During a fifth time interval T5. a pulse P2 illustrated during the time interval T2', between the + V voltage 

in F4 causes the switches S4 to close, while switches S3 source and the negative side of the first capacitor 34 

are open, connecting the negative end (- V) of the causing the capacitor 42 to be charged to a magnitude 

capacitor 14 to ground and connecting the positive end of approximately twice the + V voltage and to be bi- 

(+ V) of the capacitor 14 to the positive side of a stor- 45 ased between -hV and —V at the positive and negative 

age capacitor 18. The voltage across the capacitor 14 is ends respectively, substantially symmetrically around 

shifted and switchably connected in parallel with the the ground reference. During a third time interval T3', 

storage capacitor 18, to provide the positive portion, a third frequency F3' causes a pair of n-channel FET 

-h2 V, of the bipolar voltage of increased magnitude. switches 44, 46 to become electrically conductive to 

During the time interval T5, a pulse P3 illustrated in 50 change the reference of the voltage across capacitor 42. 

Fl causes another charge to be developed on the first a negative voltage shift is thereby effected, wherein the 

capacitor 12 which is used as described hereinabove, in positive side of capacitor 42 is switchably connected to 

subsequent time intervals to provide the negative por- ground and to the positive side of a reservoir capacitor 

tion, -2 V, of the bipolar voltage of increased magni- 48 and the negative side of capacitor 42 is switchably 

tude. The charge transfer effected by the voltage shift- $5 connected to the negative side of the reservoir capacitor 

ing circuitry in response to triggering by the internal 48, to charge the negative storage capacitor 48 and to 

oscillator thus provides a negative portion of the bipolar provide the negative portion. —2 V, of the bipolar 

voltage of increased magnitude that is not generated by output voltage. 

inversion of the positive portion. The charge transfer Also during time interval T3'. frequencies Fl' and Fi 
and voltage shifting as described above, is continued 60 are active to again cause FET switches 30 and 32 to 

repetitively resulting in the symmetrical -> V and + V become conductive, resulting in the charging of capaci- 

charge pump outputs. tor 34 to + V. During a fourth time interval. T4' fre- 

An illustrative embodiment of the present invention is quencies F2' and F2 are active causing FET switches 

shown in greater detail in FIGS. 4 and 5. The various 36, 38 and 40 to become conductive and to electrically 

switches, formerly represented generally as SI. S2, S3 65 connect the positive side of charged capacitor 34 to 

and S4, are implemented using N and P channel metal ground, changing the reference thereof, and to connect 

oxide semiconductor (MOS) field effect transistors, the negative side of capacitor 42 to the negative side of 

(FETs). as shown in FIG. 4. capacitor 34 while the positive side of capacitor 42 is 
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connected to the input voltage V. The resultant con- 
nection of the capacitor 42 between the +V voltage 
source and the negative side of capacitor 34 results in 
the capacitor 42 being charged to a magnitude of ap- 
proximately twice the + V input voltage, and symmetri- 
cally biased around the ground reference with a +V 
voltage at the positive end of capacitor 42 and a —V 
voltage at the negative end of the capacitor 42. 

When frequencies F4 and F4' are active during a fifth 
time interval T5', FETs 50 and 52 become conductive, 
while FETs 44 and 46 become non-conductive, electri- 
cally connecting the negative end of capacitor 42 to 
ground and the positive end of capacitor 42 to the posi- 
tive side of a second storage capacitor 54. The voltage 
of approximately twice the +V input voltage source 
which was biased between +V and —V across the 
capacitor 42 is thus shifted across the positive storage 
capacitor 54, so as to charge the storage capacitor 54 
and provide the positive portion, +2 V, of the bipolar 
output voltage 

The frequencies Fl' and Fl, connected to the gates of 
FETs 30 and 32 and active during the time interval T5', 
cause another charge to be developed on the capacitor 
34, which is used in subsequent time intervals to provide 
the negative portion, —2 V, of the bipolar output volt- 
age. 

The repetitive charge transfer and voltage shifting in 
response to the various frequencies of the interval oscil- 
lator results in a symmetrical -h V and —V bipolar out- 
put voltage as illustrated in FIG. 6, in response to bal- 
anced loading. The unipolar + S V input voltage pro- 
vided to the charge transfer and voltage shifting cir- 
cuitry described hereinbefore, results in a negative por- 
tion (A) of the bipolar voltage which averages approxi- 35 
mately —8.69 volts with an applied 3 K ohm resistive 
load. The positive portion (B) of the bipolar voltage 
generated by charge transfer and voltage shifting, aver- 
ages -1-8.69 volts when driving a 3 K ohm resistive load. 
The symmetry of the bipolar output voltages is thus 4^ 
significantly greater than is obtainable via the charge 
pump circuitry employing voltage doublers and invert- 
ers known in the art. 

The circuitry described hereinbefore can be imple- 
mented in a monolithic silicon substrate using CMOS 45 
fabrication techniques to implement the charge pump 
having symmetrical —V and -f V output voltages to 
supply RS232 transmitters and/or receivers fabricated 
in the same substrate. Additionally, the charge pump 
can be integrated with various other circuits including so 
interface circuits in conformance with RS422, RS48S 
and other standards, as well as circuitry performing 
other functions such as analog to a digital conversion. 

While an illustrative embodiment is disclosed herein- 
above which employs FET switches to cause desired 
connections, it will be appreciated that other semicon- 
ductor switching means can be used in practicing the 
invention. 

Although the illustrative embodiments described 
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Although the invention has been shown and de- 
scribed with respect to exemplary embodiments 
thereof, various other changes, omissions and additions 
in form and detail thereof may be made therein without 
departing from the spirit and scope of the invention. 
What is claimed is: 

1. A method for generating, from a first voltage 
source providing a unipolar input voltage of first polar- 
ity having a voltage reference connection, bipolar out- 
put voltages of magnitude approximately twice the 
unipolar input voltage comprising the steps of: 
charging a first charge transfer device having first 
and second connection ends to a voltage approxi- 
mating said unipolar input voltage by switchably 
connecting said second connection end of said first 
charge transfer device to said unipolar input volt- 
age and said first connection end of said first 
charge transfer device to said voltage reference 
connection; 

in a first generating step, generating a second voltage 
source at the first connection end of said first 
charge transfer device, with respect to said voltage 
reference connection, of magnitude substantially 
equal to the magnitude of said unipolar input volt- 
age but of opposite polarity by switchably connect- 
ing said second end of said first charge transfer 
device to said voltage reference connection; 
charging a second charge transfer device having first 
and second connection ends by switchably con- 
necting said second connection end of said second 
charge transfer device to said unipolar input volt- 
age and said first connection end of said second 
charge transfer device to said second voltage 
source; 

in a second generating step, generating a third volt- 
age source of magnitude approximately equal to 
twice the magnitude of said unipolar input voltage 
and of a selected polarity by switchably connecting 
one of said first and second connection ends of said 
second charge transfer device to said voltage refer- 
ence connection; 
in a third generating step, generating a fourth voltage 
source of magnitude approximately equal to twice 
the magnitude of said unipolar input voltage and of 
a polarity opposite to said selected polarity by 
switchably connecting the other of said first and 
second connection ends referenced in said second 
generating step to said voltage reference connec- 
tion. 

2. The method of claim 1 further including between 
said second and third generating stei>s a step of recharg- 
ing said second charge transfer device between said 
unipolar input voltage and said second voltage source. 

3. The method of claim 2 wherein said first charge 
transfer device is a capacitor. 

4. The method of claim 3 wherein said second charge 
transfer device is a capacitor. 

5. The method of claim 1 wherein said second gener- 
ating step includes a step of transferring charge from 



hereinabove implement a voltage shifting technique 60 said second charge transfer device to a first charge 



wherein the negative output voltage of increased mag- 
nitude is generated first via voltage shifting and the 
positive output voltage of increased magnitude is gener- 
ated subsequently, it is appreciated that the switching 
and voltage shifting technique can be implemented so 65 
that the positive voltage is generated first with the nega- 
tive voltage generated subsequently, while still employ- 
ing the disclosed shifting technique. 



storage device and said third generating step includes 
the step of transferring charge from said second charge 
transfer device to a second charge storage device. 

6. The method of claim 5 wherein said third and 
fourth charge storage devices are capacitors. 

7. The method of claim 5 wherein the steps of charg- 
ing a first charge transfer device, generating a second 
voltage source, charging a second charge transfer de- 
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vice, generating a third voltage source and generating a 
fourth voltage source are performed repetitively. 

8. The method of claim 1 wherein said unipolar input 
voltage is of a positive polarity with respect to said 
voltage reference connection, said third voltage source 5 
has a negative polarity with respect to said voltage 
reference connection^ and said fourth voltage source 
has a positive polarity with respect to said voltage refer- 
ence coimection. 

9. The method of claim 1 wherein said unipolar input 10 
voltage is of a positive polarity with respect to said 
voltage reference connection, said third voltage source 
has a positive polarity with respect to said voltage refer- 
ence connection, and said fourth voltage source has a 
negative polarity with respect to said voltage reference 15 
connection. 

10. A method for generating, from a first voltage 
source providing a unipolar input voltage of first polar- 
ity having a voltage reference connection, bipolar out- 



age source and switchably connecting the second end of 
the second capacitor to the unipolar input voltage. 

14. A method for generating a bipolar output voltage 
from a unipolar input supply voltage having a voltage 
reference, said method comprising the steps of: 

charging a first charge transfer device to a first volt- 
age approximately equal to said unipolar input 
supply voltage; 
inverting said first voltage to provide a second volt- 
age of a magnitude approximately equal to and a 
polarity opposite to ^d first voltage and providing 
a third voltage between said unipolar input supply 
voltage and said second voltage; 
transferring said third voltage to a first charge stor- 
age device of a selected polarity; and 
transferring said third voltage to a second charge 
storage device of polarity opposite to said selected 
polarity. 

15. The method of claim 14 further including the step 



put voltages of magnitude approximately twice the 20 of storing said third voltage on a second charge transfer 



unipolar input voltage comprising the steps of: 
in a first reconfiguring step, switchably connecting a 
first capacitor having first and second connection 
ends such that the second connection end is electri- 
cally connected to the unipolar input voltage and 25 
the first connection end is electrically connected to 
the voltage reference connection to charge the first 
capacitor to a voltage approximating the unipolar 
input voltage; 



device and alternately connecting said second charge 
transfer device in parallel with each of said first and 
second charge storage devices to effect the transfer of 
said third voltage in said transferring steps. 

16. The method of claim 14 wherein said selected 
polarity is negative with respect to said voltage refer- 
ence. 

17. The method of claim 15 further including a step of 
recharging said second charge transfer device s^er 



in a second reconfiguring step, switchably recon- 30 transferring said third voltage to said first charge stor- 



figuring the first capacitor to generate a second 
voltage source at the first connection end of the 
first capacitor of magnitude substantially equal to 
the unipolar input voluge with respect to the volt- 



age device and prior to transferring said third voltage to 
said second charge storage device. 

18. An apparatus for generating a bipolar output volt- 
age from a first voltage prov a unipolar input supply 



age reference connection but of a second polarity 35 voltage having a voltage reference, comprising: 



opposite to the first polarity; 
in a third reconfiguring step, switchably connecting a 
second capacitor having first and second connec- 
tion ends between the unipolar input voltage 
source of first polarity and the second voltage 40 
source of second polarity; 
in a fourth reconfiguring step, switchably reconfigur- 
ing the second capacitor to generate a third voltage 
source with respect to the voltage reference con- 
nection having a magnitude approximately twice 45 
the magnitude of the unipolar input voltage and 
having a selected polarity; and 
in a fifth reconfiguring step, switchably reconfiguring 
the second capacitor to generate a fourth voltage 
. source with respect to the voltage reference con- 
nection having a magnitude approximately twice 
the magnitude of the unipolar input voltage of 
polarity opposite to the selected polarity of the 
third voltage source. 
11. The method of claim 10 further including be- 
tween the fourth and fifth reconfiguring steps, the step 
of recharging the second capacitor between the unipo- 
lar input voltage of first polarity and the second voltage 
source of second polarity. 
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at least two first switching devices operative upon 
activation to charge a first charge transfer storage 
device to a first voltage approximately equal to said 
unipolar input supply voltage; 
at least two second switching devices operative upon 
activation to invert said first voltage to provide a 
second voltage of a magnitude approximately equal 
to and a polarity opposite to said first voltage and 
to couple said second voltage and said unipolar 
input supply voltage to provide a third voltage 
between said unipolar input supply voltage and 
said second voltage; 
at least two third switching devices operative upon 
activation to transfer said third voluge to a first 
charge storage device of a selected polarity; and 
at least two fourth switching devices operative upon 
activation to transfer said third voltage to a second 
charge storage device of polarity opposite said 
selected polarity. 

19. The apparatus of claim 18 further including an 
oscillator for generating a plurality of signals to activate 
said firstf second, third and fourth switching devices. 

20. The apparatus of claim 18 further including a 
second charge transfer device for storing said third 



12. The method of claim 11 wherein the second 60 voltage prior to transferring said third volUge. 



reconfiguring step includes the step of switchably dis- 
connecting the first connection end of the first capacitor 
from the voltage reference connection and switchably 
connecting the second connection end of the first ca- 
pacitor to the voltage reference connection. 

13. The method of claim 10 wherein the third recon- 
figuring step includes the step of switchably connecting 
the first end of the second capacitor to the second volt- 



21. The apparatus of claim 18 wherein said selected 
polarity is negative with respect to said voltage refer- 
ence. 

22. The apparatus of claim 20 wherein said second 
65 charge storage transfer device is recharged after trans- 
ferring said third voluge to said first charge storage 
device and prior to transferring said third volUge to 
said second charge storage device. 
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23. The apparatus of claim 18 wherein at least one of j^id first, second, third, and fourth switching devices is 
said first charge transfer device, said first charge stor- , , , . ^ ^ ,^ ^ 
age device and said second charge storage device is a n^hannel metal oxide semiconductor field effect 
capacitor. transistor and at least one of said first, second, third, and 

24. The apparatus of claim 18 wherein at least one of 5 switching devices is a p-channel metal oxide 
said first, second, third and fourth switching devices is ^ , ^ «■ . - 

a field effect transistor. semiconductor field effect transistor. 

25. The apparatus of claim 24 wherein at least one of • • • * * 
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[57] . ABSTRACT 

A battery-powered electronic system in which ICs of 
low and high voltage specifications can be operated 
simultaneously by a sin^e low voltage power supply, 
wherein prolongation of battery life, miniaturization of 
the housing size and reduction of manufacturing costs 
are achieved. The present invention comprises a mono- 
lithicaily integrated charge pump circuit for boosting a 
power supply voltage so as to output a voltage greater 
than that of the power supply voltage, and a power 
supply multiplexor for selecting between the output of 
the charge pump circuit and the power supply voltage 
in accordance with a power supply select control signal. 
The output of the multiplexor is used as a supply yolt- 
age, for at least one other IC in the systesa. The voltage 
selection process is dynamically determined based on 
the time- varying requirements of system operation. A 
voltage regulation circuit may be i^cd to provide con- 
trol over the charge pump circuit output. Circuitry is 
disclosed for disabling charge pump operation, when 
such operation is unnecessary, to reduce power con- 
sumption. 

18 Oflims, 6 Drawing Sheets 
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a banery, in the system, while simultaneously dmunat- 
METHOD AND APPARATUS FOR REDUCED ing the need for costly additional components that con- 
POWER INTEGRATED CIRCUIT OPERATION sume space and power. There further exists a need for a 

means to interface circuits having different logic level 
BACKGROUND OF THE INVENTION 5 voltages while still ensuring noise margin. 

The present invention relates to integrated circuit SUMMARY OF THE INVENTION 

latcs to gencratinga volugc supply by means of a cir- ^ circuitry, for battery-powered electromc systems in 
cuit resident withL a first btegrated circuit, for power- which ICs of low and high voltage specifications can be 
ing additional peripheral chips, such as memory devices operated simultaneously by a smgle low voltage power 
that operate at both high and low voltages. supply, wherein prolongation of battery hfe. miniatur- 

In conventional electronic systems using a plurality ization of housing size and reduction of manufactunng 
of integrated circuits (ICs) it is typical to use a common costs are achieved. 

voltage supply for each IC For example these systems Accordingly, the present invention comprises on a 
are typically built by grouping together and using only first IC, a mbnolithically integrated charge pump cir- 
ICs of the 5 V or the 3 V type. This is done in order to cuit for boosting an external supply voltage so as to 
simplify the system by reducing the power supply and output a voltage greater than that of the external sup- 
wiring requirements inherent in a multiple supply de- ply, and a power supply multiplexor for selecting be- 
sign. ^ tween the charge pump output and the external supply 

However, in low-power microcomputer systems, a in accordance with a power supply select control signal, 
problem exists with respect to segregating ICs by their xhe output of the multiplexor is used as a supply volt- 
power supply requirements. Many low-power mi- ^g^^ to at least one other IC in the system, and also to 
crocomputers are designed to operate with a 3 V power f^^Q^e internal input and output circuits that interface 
supply so that they can be driven by one lithium cell, 25 ^^j^^ jj^^ external IC<s) gain access to the 

but generally available memory devices are typically multiplexor output voltage through an output terminal, 
designed for operation with a 5 V power supply. In a ^ voltage regulation circuit may be used to provide 
low-power electronic apparatus such as a battery-pow- control over the charge pump circuit output. In this 
ered electronic notebook in which a microcomputer external power supply is regulated into a con- 

and an external memory device are combined, a power 30 voltage by the voltage regulator circuit and the 
supply comprised of a pair of lithium cells connected m regulator output becomes the input to the charge pump 
scries is needed to provide the greater than 3 V power ^ ^ regulator between the external sup- 

supply required by the memory. Therefore, m such an ^. ^ ^^^p^^ ^^^^^ of 

apparatus, current consumption is larger than that in a ^ ^^^^ ^ Alternatively, a 

smular apparatus operated from a 3 V supply smce the 35 Regulation circuit may be used on the output 

current used is a function of the voltage supply magni- « the charge pump. There is no particular advan- 

}?' f1^nJLTrr^n^^^ ^"^^ or disadvantage in^hoosing eith^configuration. 

"^l^dS'^o^S^^^^^ 2;s=onltcr2^^^ 

ating voltage specification of 5 V± 10% When u^g a 40 -^tS ^ S^^proccss is dynamically deter- 
pair of lithium battenes in senes it is possible to produce wiiagc .,rZr%r„^.ZZ-I^\,f .«.. 

ksupply voltage of up to 7 V. Therefore, it has been omed based on the tune-varymg leqmrmcnte of sys- 
neciiLry to provide a circuit for regulating the supply ^ ^P*"*" <»• F« ««»P^ * ^ "^IJtrt 
vS^in a two battery system, to a value within L lected to power an external memory IC wh«. Aat ICb 
opening voltage range of these ICs. This regulator 45 ««e V '^^i^f<>'^^'J^^}^«i'^^ 
c^t is typicaUy a se^te IC. Use of a separate regu- »>e fleeted when the memory IC is bemg «««sed for a 
fauor IC te bBrdenso^T because the system becomes read or a wnte cycle. More specifically, m a memory 
larger, and more costly to manufacture. 4ev.ce such as a sUtic RAM. a low voltage is requnred 

One approach to providing appropriate voltages for holdmg data, while a high voltoge tt reqwred for 
withoutlSng a second battery ceU has been to add a SO reading/writmg data. When the static RAM is standing 
DC-DC converter IC to the system. TTie DC-DC con- by, the low voltage pow« supply voltage, is connected 
verter can provide the voltage required by peripherals to the power nipply tenmnal through the power supply 
such as RAMs. However there are several problems multiplexor circmt. but wtei readmg or wntmg date, 
with this approach. First, the additional DC-DC con- the high voltoge output of tiie charge pump or the volt- 
verttr IC limits miniaturization of the system housing. 55 age regulator, is connected to the power supply termi- 
Second. this additional chip increases manufacturing nal. The power supply multiplexor is swrtched accord- 
costs. Third, when the DC-DC converter output is used ing to need, thus realizing low current consumption, 
to power a peripheral chip, interfacing between chips An advantage of the present invention is the elimina- 
with different supply voltages leads to a m?"""*''*' in tion of components used in previous approaches. For 
logic levels. Fourth, there is a diode leakage paOiway to example, utilizing the present invention, only one bat- 
between the two voltage supply nodes which gives rise tery is needed to operate a system that previously le- 
to battery-draining parasitic currents. «ther two batteries and a voltege regulator, or 

Any approach that requires more battery cells or one battery and a DC-DC converter IC. Elimination of 
more ICs means that miniaturization of the housing these components reduces manubcturing costs and 
becomes difficult 65 permits miniaturization of the apparatus. 

Therefore a need exists in low-power systems, for a A further advantage of the present invention is the 
means to combine ICs having different power supply reduction in power consumption achieved by operating 
reqinrements, with only one low voltege supply, such as at high voltage only those circuit elements that require 
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high voltage and only for the short periods of time . FIG. 7 is a circuit diagram illustrating how the accu- 

when necessary for proper operation of those circuit mulating capacitor and boosting capacitor are electri- 

elements. connected at time tc shown in FIG. 5. 

According to a further aspect of the present inven- FIG- 8 is a circuit diagram iDustrating in detail the 

tion. the charge pump circuit includes an enable/disable 5 boosting circuit in the low-power microcomputer along 

circuit for stopping the charge pump clocks. Therefore, ^th the voltage regulation aspect of the present inven- 

the charge pumping operation can be stopped when it is . . ^. . , ^. 

not needed for proper system operation (e.g. high volt- » diagram, mcludmg tran«stor azes, 

age operations willTot be undertaken). In this way it is lUustratog the constant voltage circmt m the embodi- 

possible to realize additional reductions in current con- °^ 

sumption. DETAILED DESCRIFTION OF THE 

According to another aspect of the present invention, INVENTION " 

the first IC further compn^^ input circuit and/or an ^ embodying the present invention is now 

output crcmt to which the dnvmg voltage is supphed ^ ^^^^ 

from the pow^ supply multiplexor circuit An mterface ^^^^^ to like parts throughout the 

between the first IC and the external IC is provided drawings, 
which has improved noise margin because the I/O cir- 

cuits of the fint IC operate from the same supply volt- I. Circuit Connections 

age as the external IC. 20 FIG. 1 shows a low-power single-chip microcom- 

According to a stiU further a^t of the present ^^^^ ^^d a 64K RAM (hereinafter referred to as 

invention, the system comprises a single-chip mi- "external IC",) 12 connected to each other by means of 

crocomputer and at least one memory device. The sin- jata lines and control lines. A DC power supply 14, 

gle-chip microcomputer includes a CPU, a charge having a first and second terminal wherein the first 

pump circuit, an external accumulating capacitor and an 25 terminal is positive with respect to the second terminal, 

external boosting capacitor, for boosting a power sup- is included in the system such that the positive supply 

ply voltage, a power supply multiplexor circuit for terminal is connected to the respective Vdd power 

selecting between the charge pump output and the supply terminals 11, 13 of single-chip microcomputer 10 

power supply voltage in accordance with a voltage and external IC 12. The negative terminal of DC power 

select control signal, at least one of an input circuit 30 supply 14 is connected to power supply terminal Vssof 

supplied with the multiplexor output voltage for sup- single-chip microcomputer 10. 

plying an input signal to the CPU and an output circuit Accumulating capacitor 16 is connected between the 

supplied with the multiplexor output voltage for send- positive terminal of DC power supply 14 and the power 

ing out a signal from the CPU, and a power supply supply terminal \ss of single-chip microcomputer 10, 

tenninal to which the multiplexor output voltage is 33 and boosting capacitor 18 is connected between termi- 

snpplied. luds CI and C2. In the preferred embodiment both ca- 

The external IC, which may be a memory device, is pacitors are approximately 10 microFarad. Microcom- 
connected to at least one input and one output circuit of puter output terminal VOUT, is connected to power 
the single-chip microcomputer, and uses the selectable s^PP^y terminal Vss of external IC 12. 
supply voltage output via the power supply terminal. « 2 iUustrates further detail of single-chip mi- 
When the external device is in stand-by mode the select- crocomputer 10 wheiem oscillator circuit 22 m con- 
able supply voltage output provides a low voltage to jw^^^tjon with crystal 20 supplies an output oscillation 
fhe external IC as weU as to the internal input and out- ^en^\^^ clock gciierator 24. Qock generator 24 gener- 
put circuits. However, when the external device is in ^T? '^I^'^'Z T^^^i 
active mode the selectable supply voltage output pro- «gna^, and supphes one of those ^g signals to CPU 
^^•c o i,;«i, w..ito«. fr^ ih^ ^^fZJuX 1^ «f .c tiyfh^ 26 rcccives mput data from mput circuit 30 
yides a high voltage to the ext^al IC as wdl as to the ^ ^ ^ comiected to 

mtemal mput and output circuits. input terminal 32, and injut terminal 32 is comiected to 

BRIEF DESCRIPTION OF THE DRAWINGS external IC 12. In other words, input circuit 30 receives 

wyw^ • • 1. J- 11 -.1. ^ u 50 data from external IC 12 through input tenninal 32. 

FIG. 1 Bablockdiagnunfllust^^ ^^^^ ^^^^ ^^^^ ^ transferred to 

betwccnlCamoneancmbodimentoftheprcsentmven. output register 33 by means of data bus 28 so as to make 

^ , ^, , ^. .„ ^ ^ output register 33 supply the operation result stored 

no. 2 IS a block diagram illustratmg some of the ^ ^^^^^ 34 ^ predetermined time, 

details of a low-power smgle-chip microcomputer em- Outout circuit 34 is connected to output terminal 36 so 

bodying the charge pumping and voltage selection as- ^^ly ^ extcraal IC 12. 

pects of the present invention. Power supply select control register 38 receives and 

FIG. 3 is a circuit diagram, including transistor sizes, ^^^^ ^y^^r supply signal 39 supplied from CPU 26 

illustrating details of the charge pumping (boosting) through data bus 28, and o\xtp\xts power supply select 

circuit in the low-power microcomputer of FIG. 2. ^ control «e"»^ 39 to power supply multiplexor circuit 40 

FIG. 4 is a drcuit diagram, including transistor sizes, to control the operation of multiplexor circuit 40. 

illustrating the voltage level converter circuit Charge pump enable register 42 receives and stores 

FIG. 5 is a timing diagram illustrating the timing of boost control signal 43 supplied from CPU 26 through 

the boosting clock signals used to drive the charge data bus 28. 

pump circuit. 65 Charge pump circuit 44 is connected to accumulating 

FIG. 6 is a circuit diagram illustrating how the accu- capacitor 16 through terminal Vssit and connected to 

mulating capacitor and boosting, capacitor are electri- boosting capacitor 18 through terminals CI and C2. 

cally connected at time to shown in FIG. 5. Charge pump circuit 44 is supplied with charge pump 
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enable signal 43 from charge pump enable register 42 To enable charge pump cu-cwt operation, charge 
and bocBting clock signals 24fl, 24b from clock genera- pump enable signal 43. which is output from charge 
tor 24. Charge pump circuit 44 boosts the power supply pump enable register 42, should be logically high. Table 
voltage and supplies the boosted voltage to power sup- I shows the ON/OFF state of the transistors m the 
ply multiplexor circuit 40. 5 charge pump circuit at the times t^ t6t and t^. 

Power supply multiplexor 40 receives a select control TABLE I 

signal 39, and two power suppUes as inpute, one power time = time^Ic ~~ 

supply is the voltage applied to termmal wss, and the . ^ ^ ' 

seSnkthcboostSlvoTugefrom5j.gepumpdrcuit S^tT-S^ 
44. Power supply muluplexor 40 produces as its output mosfet c- on mosfet 62- off mosfet 62- off 
(the driving vohageX a selected one of its two inputs mosfet 63- off mosfet 63- on mosfet 63- on 
based on the state ofselect control signal 39. The output mosfet64-on mosfct64.off MOSFET64.on^ 

of power supply multiplexor 40 is comiected to terminal MOSFET6S-off mosfet63.off mosfet 6S- on 

youT' The output of power supply multiplexor ^ 

also connected to interface input and output circuits 30, " At time Ut boosting clocks 24a, 2Ab are supplied to 
34. voltage level conversion circuits 56, 57 throu^ AND 

The detaOis of output circuit 34, are shown in FIG. 3. gates 54, 55 respectively, and the output of AND gate 
Output circuit 34 is comprised of voltage level conver- 54 also drives the gate of MOSFET 61. Clock signal 
sion circuit 51, inverter 52 and output transistor circuit 24fl, after being level-converted by voltoge level con- 
53 which is comprised of a pair of FETs. version circuit 56, is supplied to the gate of MOSFET 

Charge pump circuit 44, shown in FIG. 3, is com- 65 through mverter 58. Qock signal 24^, after being 
prised of AND gates 54, 55, voltage level conversion level-converted by voltage level conversion circuit 57, 
circuits 56, 57, inverters 58, 59, MOSFETs 60, 61, 62, is suppUed through inverter 59 to the respective gates of 
63, 64, 65 and diode 66. 25 MOSFETs 60, 62, 63. 

Multiplexor circuit 40, shown in FIG. 3, is comprised Wi th cl ock signals 24a, 246 in the time = to state, 
of a voltage level conversion circuit 67, inverters 68, 69 MOSFETs 61, 63, 65 are turned OFF, and MOSFETs 
and a switching circuit 72 which itself is comprised of a 60, 62, 64 are turned ON. As a result, a closed circuit is 
pair of MOSFETs 70, 71. formed through the power supply terminal Vdd* MOS- 

FIG. 4 shows configuration details of the voltage 3^ FET 60, terminal CI, boosting capacitor 18, MOSFET 
level conversion circuits 51, 56. 57 and 67. Each voltage 64, and power supply terminal Vss- By the formation of 
level conversion circuit is comprised of an inverter 81 this closed circuit, a charging current is supplied from 
and MOSFETs 82, 83, 84. 85. 86, 87. The source of DC power supply 14 to boosting capacitor 18. 
MOSFET 84 is connected to a charge pump output FIG. 6 shows the state of connection of accumulating 
terminal Vssi- For example, in voltage level conversion 35 capacitor 16 and boosting capacitor 18 at time t^,. Boost- 
circuit 56, if a clock signal of -3 V is supplied to an ing capacitor 18 is charged so that the voltage across it 
input terminal I thereof, a clock signal of -6 V is ex- is equal to the voltage of DC power supply 14. At this 
traded from an output terminal thereof. time, the.boosting power supply terminal Vss2 of accu- 

mulating capacitor 16 is opened to DC power supply 
II. Circuit Operation ^ 14 

Charge Pump A^oltage Boosting Circuit At time t*, as shown in FIG. 5, the potential of boost- 

The present invention includes a monolithically inte- ing clock 24a is changed, so that MOSFETs 60, 61, 62, 

grated means of producing a DC power supply voltage 64, 65 are turned OFF leaving only MOSFET 63 turned 

greater in magnitude than the external power supply. In ON. Under such conditions both accumulating capaci- 

one embodiment of the present invention a charge 45 tor 16 and boosting capacitor 18 are opened to DC 

pumping type circuit is used to produce this new DC power supply 14. 

power supply voltage, which is typically about twice At time to as shown in FIG. 5, the respective potcn- 

the magnitude of the external supply. tials of boosting clocks 24a, 246 are reversed from their 

This new volUge is used when required to mterface values at time t^. This results in MOSFETs 60, 62, 64 
with other system elements. External RAM chips^ for 50 being OFF, and MOSFETs 61, 63, 65 being ON. Conse- 
example, may require a higher voltage to read and write quently, a closed circuit is formed through power sup- 
than they do simply to maintain data. Since lower ply terminal Vdd, accumulating capacitor 16, boosting 
power consumption, and hence longer battery life are output terminal Vssh MOSFET 65, terminal C2, boost- 
achieved via the use of lower supply voltages, it is ad- ing capacitor 18, terminal CI, MOSFET 61, and power 
vantageous to equip the system with one low voltage 55 wipply terminal Vss- FIG. 7 shows how accumulating 
supply and generate a hi^er voltage low current sup- capacitor 16 and boosting capacitor 18 are electncaUy 
ply for those occasions that warrant higher voltage connected at time tc. When the electrical connections 
—ration. described herdn are made, charge stored in boosting 

FIG. 5, shows the timing of boosting clocks 24a, 24b capacitor 18 is discharged to Va, thus creating a short- 

which are output from clock generator 24. Boosting 60 lived charging current in accumulating capadtor 16. 

clocks 240, 246 are generated so as to be non-overlap- By repeating the cycle described above, the potential 

ping. Three distinct timing regions, U. tb, and to can be of boosting output terminal Vssi becomes approxi- 

seen in FIG. 5. In time region t«. boosting clock 24a is mately twice the potential difference between and 

low, dnd24b is high. In time region t^, boosting clock V^rfor about -6 V in this example. The voltoge avail- 

247 is low, and 24i> is low. In time region to boosting 65 able at boosti ng ou tput terminal Vss2 can be supplied 

clock 24a is high, and 24b is low. If both clocks 24fl, 24b through MOSFET 71 to input circuit 30, output transis- 

were allowed to go high simultaneously, boosting ca- tor circuit 53 and external IC power supply terminal 

padtor 18 would be effectively shorted out. Vot/r- This is accomplished when power supply select 
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control signal 39. which originates from power supply particularly important if the operating voltage range 

select control register 38, is level-converted by means of specification of the external IC is narrow, 

voltage level conversion circuit 67, and the level-con- Another embodiment of the present invention, which 

verted voltage select control signal is supplied to the includes a constant voltage circuit, is shown in FIG. 8. 

gates of MOSFETs 70, 71 by means of inverters 68, » 5 This IC includes voltage level conversion circuit 91, 

so that MOSFET 71 is in an ON state. It follows that which receives the output of AND gate 54 as its input, 

input circuit 30, output circuit 34 and external IC 12 can The output of voltage level conversion circuit 91 is 

be driven by the 6 V power supply. suppHcd through inverter 92 to the gate of MOSFET 

The intcrfacc-level^matching between a 3 V system The drain of MOSFET 93 is connected to comtant 

(Vss system) and a 6 V system (Vssi system) in charge 10 voltage circuit 94, and the source of MOSFET 93 is 

pump circuit 44, output circuit 34 and power supply connected to terminal Vsp. 

multiplexor circuit 40 is performed by voltage level flG- 9 shows the detailed configuration of constant 

conversion circuits 51. 56, 57 and 67 shown in FIG. 3. voltage circmt 94. Constant voltage circuit M^is com- 

The purpose of the voltage level conversion circuits is P^^^^ "ff^ voltage generation circmt W, differ- 

to convert low voltage ampUtude signals, (e.g. 3 V), to enttal amphfier 96 and fcedb«:k amplifi« res^^ 
high voltage amplitude signals (e.g. 5 V). No level con- 

v^on ci^uit is providedin input circuit 30. The 6 V jl^^Sf^^^ ^?^;-^^^JS^ JS^t^^?^^^ 

inputsigmdamplitudepresentedtomputcircuit30from '^^^S^J^^^I^. 

the ext^ IC is comiected to the gate of a MOSFET vdtage of Ae d^^^ type MOSFETs is preferably 

(not-shown) whidi itsdf b "''^^J^^ * I^erential amplifier 96 is comprised of MOSFETs 

vohage supply of the 3 VVss system. Typically, a io4J05, 106. 107. 108. Feedback amplifier resistor 97 is 

voluge m the neighborhood of 6 V pos« no problem ^^pris;^ of resistors Rl and R2 so that a signal related 

such as dielectnc breakdown, for the MOSFET and ^ differential amplifier 96 is fed 

therefore no reason exists to level shift the mput voltage differential amplifier 96. 

to a lower value. However, if any gate m this crrcmt ^ ^ embodiment, die gate materials of MOSFETs 

caimot tolerate an apphed voltage m the neighborhood p p^j ^ p^^y.gi 

of 6 V. dien it would be ncccaary to provide the volt- respectively, and MOSFETs 100, 101 are the same in 

age level conversion circmt of FIG. 4. m mput circuit ^j^^ uansistor size, substrate density Ci c. substrate dop- 

, . , ^ 30 ing concentration), and the like. The work function 

When charge pump enable signal 43 and power sup- difference between the P-type Poly-Si and the N-type 

ply select control signal 39 become logically low signals pdy-Si. V«r (about 1.05 V), is output from reference 

(OFF signals), charge pump circuit 44 stops its charge ^^^^^ generation circuit 95 as (Vi>x)- V^. Differen- 

pumping operation, and MOSFETs 70. 71 become ON ^ amplifier 96 receives the output of reference voltage 

and OFF respectively, so that the nominal 3 V supply is 35 generation circuit 95 as a reference signal to thereby 

connected to input circuit 30, output tranastor circuit perform differential amplification, so that differential 

53 and external IC power supply terminal VouT- . amplifier 96 outputs a constant voltage output 

Input noise margin is assured because input circuit 30 Vo= Vn,/(Ri +R2)/Ri. 

and output circuit 34 operate with the same voltage as Therefore, by setting this constant voltage output Vq 

the external IC 12. That is, not only is the voltage level 40 to, for example, 5 V, the voltage -5 V is applied 

is optimized to operate the external IC 12 with low through a MOSFET 71 to input circuit 30, output tran- 

power consumption, but an improved interface with gjstor circuit 53 and external IC 12 respectively, so that 

respect to noise margin is provided. they are driven by this regulated voltage. 

In the above-described embodiment, charge pump jt will be readily apparent to those skilled in the art 

enable signal 43 and power supply select control signal 45 that provision of a constant voltage circuit 94. will 

39 are produced independently of each other so that enhance system operation when the external power 

charge pump enable signal 43 can be produced first. supply varies over a broad range. Particularly when the 

This provides for the stabilization of the charge pump operating voltage range specification of an external IC 

circuit 44 output prior to its use. is narrow, it is possible to make it operate stably by 

if the operating time until the stabilization is estab- 50 providing to the external IC power supply terminal 

lished is very short, then charge pmnp enable signal 43 Voc/ra well-regulated supply voltage, 

and power supply select control signal 39 may be one Although, an input tern^nal and an ouq>ut terminal 

and the same signal. are providol in the above embodiment, the present 

In diis case, MOSFET 93 is not necessary, and the invention can be applied to dtnations in which only one 

source of MOSFET 102 is connected to power supply ss terminal is provided for common use as an input and an 

terminal Vss- output 

Iff Tk-. sw^t T™«.ti«« • nr^«f«t v«it««. Integration of the present invention into a microcom- 

m. The Ptcsent Invention with a Constant Voltage ^ particularly effective because control means for 

^^^'^ a charge pump circuit, a power supply multiplexor 

The present invention may also include the use of a 60 circuit and so on can be easily realized in the form of 

voltage regulation circuit, for example the constant software. 

voltage circuit shown in FIG. 9 and described in detail While the invention has been described in conjunc- 

bdow, to provide a stable output voltage. In this case, a tion with several specific embodiments, it will be evi- 

substantially constant output voltage can be obtained by dent to those of ordinary skill in the art that many fur- 

a constant voltage (voltage regulation) circuit even if 65 ther alternatives, modifications and variations will be 

the external power supply varies over a broad range. apparent in light of the foregoing description. Thus, the 

Therefore, the voltage supplied to the external IC invention described herein is intended to embrace all 

power supply terminal \our is stable. This feature is such alternatives, modifications, applications and varia- 
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tions that may fall within the spirit and scope of the 
appended claims. 
What is claimed is: 

1. An integrated circuit comprising: 

a) a charge pump circuit, connected to a first power 
supply voltage node, for producing a boosted 
power supply voltage as an output; and 

b) a power supply multiplexer circuit, havmg said 
ch^ge pump output and said first power supply 
voltage node connected as inputs, for selecting 
between said charge pump output and said first 
power supply voltage node to thereby output a 
selected one of said inputs; 

c) a power supply terminal for supplying said power 
supply multiplexer output to other integrated cir- 
cuits provided externally; and 

d) at least one input circuit having power supply 
terminals wherein said multiplexer output voltage 
is connected to supply power to said input circuit. 

2. The integrated circuit of claim 1 fiirther compris- 
ing at least one output circuit having power supply 
terminals wherein said multiplexer output voltage is 
connected to supply power to said output circuit power 
supply terminals. 

3. The integrated circuit of claim 1 wherein said 2S 
charge pump circuit includes an enable/disable circuit 
for discontinuing operation of said charge pump circuit. 

4. An integrated circuit comprising: 
a) a constant voltage circuit connected to an external 



10 



IS 



20 



10. A low-power electronic system compriang: 

a) a single-chip microcomputer having a CPU, a 
charge pump circuit connected to a power supply 
voltage for producing a voltage greater than said 
power supply voltage, a power supply multiplexor 
circuit for selecting between the output voltage of 
said charge pump circuit and said power supply 
voltage in accordance with a voltage select control 
signal supplied thereto to thereby output, as a driv- 
ing voltage, a selected one of of said charge pump 
output and said power supply voluge, at least one 
of an input circuit supplied with the driving volt- 
age from said power supply multiplexor circuit for 
supplying an input signal to said CPU and an out- 
put circuit supplied with the driving voltage from 
said power supply multiplexor circuit for sending 
out an output signal from said CPU, and a power 
supply terminal to which said power supply multi- 
plexor output is supplied; and 

b) a memory device connected to said input and out- 
put circuits of said single-chip microcomputer, and 
supplied with said driving voltage from said power 
supply terminal. 

11. The system of claim 10 wherein said single-chip 
microcomputer further comprises a power supply con- 



trol multiplexor register for storing said voltage select 
control signal supplied from said CPU and for supply- 

_ ing said voltage select control signal to said power 

power supply for outputting an internal power 30 supply multiplexor circuit, 
supply voltage of a substantially constant value; 12. The system of claim 10 in which said smgle-chip 

b) a charge pump circuit connected to said internal microcomputer further includes a power supply control 
power supply voltage to thereby output a voltage multiplexor register for storing a charge pump enable 
higher than said internal power supply voltage; and signal supplied from said CPU and for supplying said 

c) a power supply multiplexor circuit, having said 35 charge pump enable signal to said charge pump circuit, 
charge pump output and said power supply voltage 13. llie system of claim 10 wherein said single-chip 
connected as inputs for selecting between said microcomputer further includes voltage level conver- 
charge pump output and said power supply voltage sion circiiits connected between said sing}e-chip mi- 
to thereby ou^ut a selected one of said inputs. crocomputer and a lower voltage circuit system and 

40 between said single-chip microcomputer and a high 
voltage circuit system. 

14. A method of reducing power consumption in an 
electronic system having a low voltage power supply 
and at least two integrated circuits, portions of which 



5. An integrated circuit comprising: 

a) a charge pump circuit connected to a power supply 
voltage to thereby output a voltage higher than 
said power supply vpluge; 

b) a constant voltage circuit connected to said charge 



pump output for outputting a substantially constant 45 ^ operable at low voltage for certain functions and 



voltage higher than said power supply volUge; and 
c) a power supply multiplexor circuit for selecting 
between the ou^ut of said constant voltage circuit 
and said power supply voltage in accordance with 
a voltage select control signal supplied thereto to 50 
thereby output, a selected one of the output voltage 
of said constant voltage circuit and said power 
supply voltage. 

6. The integrated circuit of claim 5 further compris- 
ing a power supply terminal for supplying said driving 35 
voltage from said power supply multiplexor drcuit to 
external integrated circuits. 

7. The integrated circuit of claim 6 fiirther compris- 
ing at least one input circuit to which said driving volt- 
age is supplied from said power supply multiplexor 60 
circuit 

8. The integrated circuit of claim 6 further compris- 
ing at least one output circuit to which said driving 
voltage is supplied from said power supply multiplexor 
circuit 65 

9. The integrated circuit of claim 5 wherein said 
charge pump circuit includes an enable/disable circuit 
for discontinuing charge pump operation. 



require high voltage for other functions, comprising the 
steps of: 

a) generating a high voltage power supply from said 
low voltage power supply within a first one of said 
at least two integrated circuits; 

b) determining, within said first integrated circuit 
when said high voltage is required for proper sys- 
tem operation; 

c) switching a power supply multiplexer circuit out- 
put from said low voltage power supply to said 
high voltage power supply; and 

d) supplying said high voltage power supply to a 
second one of said at least two integrated circuits 
and to a first portion of said first integrated circuit; 

wherein said first portion comprises interfile cir- 
cuitry for communicating with said second inte- 
grated circuit, and said interDace circuitry is electri- 
cally connected to said second integrated circuit. 
15. The method of claim 14, further comprising the 
steps of: 

a) determining when low voltage operation will re- 
sult in power consumption savings; and 
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b) switching from said high voltage power supply to 
said low voltage power supply to drive said circuit 
elements. 

16. A method of reducing power consumption in an 
electronic system having a low voltage power supply 5 
and at least two integrated circuits, portions of which 
are operable at low voltage for certain functions and 
require high voltage for other functions, comprising the 
steps of: 

a) regulating said low voltage supply to produce a 10 
substantially constant voltage output; 

b) generating a high voltage power supply from said 
fiibstantially constant voltage output within a first 
one of said at least two integrated circuits; 

c) determining, within said first integrated circuit 15 
when said high voltage is required for proper sys- 
tem operation; 

d) switching a power supply multiplexer circuit out- 
put from said low voltage power supply to said 
high voltage power supply; and 20 

e) supplying said high voltage power supply to a 
second one of said at least two integrated circuits 
and to an inter&ce circuit within said first inte- 
grated circuit; 

wherein said interftce circuit communicates with said 25 
second integrated circuit, and said interface circuit 
is electrically connected to said second integrated 
circuit. 

17. A method of reducing power consumption in an 
electronic system having a low voltage power supply 30 



and at least two integrated circuits, portions of which 
are operable at low voltage for certain functions and 
require high voltage for other functions, comprising the 
steps of: 

a) generating a high voltage power supply from said 
low voltage power supply within a first one of said 
at least two integrated circuits; 

a) regulating said high voltage supply to produce a 
substantially constant high voltage output; 

c) determining, within said first integrated circuit 
when said substantially constant high voltage is 
required for proper system operation; 

d) switching a power supply multiplexer circuit out- 
put from said low voltage power supply to said 
substantially constant high voltage power supply; 
and 

e) supplying said high voltage power supply to a 
secGttd one of said at least two integrated circuits 
and to a first portion of said first integrated circuit; 

wherein said first portion comprises interface cir- 
cuitry for communicating with said second inte- 
grated circuit, and said interface circuitry is electri- 
cally connected to said second integrated circuit. 
18. The method of claim 17 further comprising the 
step of disabling operation of high voltage generation 
circuitry when said operation is not required for proper 
system operation and cessation will result in power 
savings. 
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[57] ABSTRACT 

An integrated circuit charge pump circuit including a 
plurality of stages, each stage including a first N type 
field effect switching transistor device having source 
and drain terminals connected in series with the source 
and drain terminals of all other stages, a second N type 
field effect control transistor device having drain and 
source terminals connecting the drain terminal and the 
gate terminal of the- first switching transistor device, 
and a storage capacitor joined to the source terminal of 
the first device, a source of voltage to be pumped is 
connected to the drain terminal of the first device of the 
first stage. A first series of clock pulses is apphed to the 
gate terminals of the first switching transistor devices in 
every other stage of the charge pump and to the gate 
terminals of the second control transistor devices in 
stages between; and a second series of clock pulses 
which do not overlap the first series of clock pulses is 
applied to the gate terminals of the first switching tran- 
sistor devices in alternate stages of the charge pump and 
to the gate terminals of the second control transistor 
devices in stages between the alternate stages. These 
pulses cause the switching transistor to switch on and 
off m alternate stages in a manner that the gate terminal 
goes higher than the drain terminal so that charge is 
transferred without threshold drop between stages and 
high current as well as high voltage is pumped to the 
output terminal. 

9 Claims, 4 Drawing Sheets 
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No. 07/969,131, entitled A Method and Circuitry For A 
APPARATUS FOR A TWO PHASE BOOTSTRAP Solid State Memory Disk, S. Wells, filed Oct. 31, 1992, 
CHARGE PUMP and assigned to the assignee of the present invention. 

These arrays provide a smaller lighter functional equiv- 
BACKGROUND OF THE INVENTION 5 alent of a hard disk drive which operates more rapidly 

1. Field Of The Invention and is not as sensitive to physical damage. Such mem- 
This invention relates to computer systems and, more ory arrays are especially useful in portable computers 

particularly, to methods and apparatus for providing a where space is at a premium and weight is extremely 

charge pump for generating high voltages and high important However, these flash EEPROM memory 

currents for erasing and programming flash electrically- arrays also require much higher voltages for writing 

erasable programmable read only memory arrays (flash and erasing data than can be provided directly by the 

EEPROMs). batteries of portable computers. In situations in which 

2. History of the Prior Art batteries do not provide sufficient voltages, it has been 
It has been found that the use ofcomputers has grown typical to provide charge pumps to generate higher 

so extenave that the power used by these computers has voltage from the lower voltages available. However, 

become significant In order to reduce the cost of opera- although such voltages pumps are able to increase the 

tion as well as the consequent use of energy resources, ^^^^ ^o an appropriate level, prior art charge pumps 

a substantial move is und^way to reduce this power ^^^^-^^ ^^^^^ ^^^^ 

usage. A major tr«d m the manufacture of persona^ effectively erasing and programming flash EE- 

computeis IS toward Ae reduction m the voltage level 20 ^^^^ ^^^^^^^ f 

required to operate the mtegrated circmts which are . v- u *;v j- * ^ Z^*- 

\i • ^ ■ ^ ^* tors which utilize an mordinate amount of die space, 

used m the various components of those computers. A wm^u uim** ^ aiuwm* « pp-i 

simultaneous trend is the desire to provide portable SUMMARY OF THE INVENTION 

computers which are able to provide most of the abili- , - , 

ties of desktop computers but are assembled in very 25 It therefore, an object of the presem mventton to 
smaU and light packages. This has led to attempts to P^^^^ mtegrated orcmtry charge pumps capable of 
reduce the power used by portable computers so that providing sufficient power to effectively erase and pro- 
their battery life will be extended. gram flash EEPROM memory arrays. 
... In order to reduce power consumption and extend is another, more specific, • object of the present 
"battery life, much of the integrated circuitry used in 30 invention to provide a highly efficient bootstrap charge 
personal computers is being redesigned to run at low pump circuit for generating the high voltages and cur- 
voltage levels. This reduces the power usage and allows rents necessary to program and erase flash EEPROM 
more components to be placed closer to one another in memory arrays. 

the circuitry. The circuitry and components used in These and other objects of the present invention are 

portable computers are being designed to operate at 35 realized in an integrated circuit which includes an inte- 

voltages levels such as 5 volts and 3.3 volts. This helps grated circuit charge pump circuit The charge pump 

a great deal to reduce the power needs of personal circuit includes a plurality of stages, each stage includ- 

computers. ing a fu^t N type field effect transistor device having 

However, at the same time, the desire to offer more gate, source, and drain terminals, a second N type field 

features in portable computers opposes this salutary 40 effect transistor device controlling the voltage at the 

result Many of the features require higher voltages to gate terminal of the first device. The circuit includes 

function. For example, one real convenience is the abil- applying a first series of clock pulses to the 

ity to change the basic input/output and startup (BIOS) g^^e of the fust device in every odd numbered stage of 

processes as improvements in a computer or its periph- ^^e charge pump and to the gate of the second device in 

erals occur. Histoncally this has been accomplished by 45 ^^^^ numbered stage, and means for applying a 

removing the electncaUy programmable read orJy ^ ^^^^ ^^^^ 

memory (EPROM) or smiflar circmtry providmg the &st series ofclock pulses to the gates ofthe first devices 

read only memory for stormg the BIOS proc^ses and ^ nvmbtrcd stage of the charge pump and 

replacmg it with new circmtry at additional cost This is v,. ^- ^ , f . . *^ _ 

a implicated operation beyond the abilities of many 50 f ^ second devices m ev«ry odd num. 

computer users. Recently, flash electrically-erasable ^^^f stage which cai^ the gate of the &st device of 

programmable read only memory (flash EEPROM ^ach stage to tie pr^harged so that the fost device is 

memory) has been used to store BIOS processes. TTiis switchedonby a higher gate voltage than dram voltage 

memory may be reprogrammed without removing the ^ ^^^^^ ^^^^ charge pump with essen- 

BIOS circuitry from the computer by running a small 55 threshold voltage drop, 

update program when the BIOS processes are changed. ^^^^ objects and features of the mvention 

However, reprogramming flash EEPROM memory ^ ^ imderstood by reference to the detailed 

requires approximately twelve volts to accomplish ef- description which follows taken together with the 

fectively; and the lower voltage batteries provided in drawings in which like elements are referred to by like 

personal computers are not capable of programming 60 designations throughout the several views. 

and era^g flash ^^l^^^ory. bj^^^F DESCRIFHON OF THE DRAWINGS 

Another form of flash EEPROM memory array pro- 
vides another example of high voltage requirements in HG. 1 is a block diagram illustrating a computer 

portable computers. Recently, a new form of long term system including the present invention- 
random access storage has been devised using flash 65 FIG. 2 is a circuit diagram illustrating a first circuit 

EEPROM memory arrays. An example of a flash EE- functioning in accordance with the prior art 
PROM memory array which may be used in place of a FIG. 3 is a circuit diagram illustrating a four phase 

hard disk drive is given in U.S. patent application Ser. charge pump circuit 
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FIG. 4 is a timing diagnim useful in understanding the adapted to be modified as various ones of the BIOS 

operation of the circuit of FIG. 3. processes used by a particular computer are changed. 

FIG. 5 is a circuit diagram illustrating a circuit func- Typically, such flash EEPROM memory will include 

tioning in accordance with the present invention. circuitry for programming and erasing the memory 

FIG. 6 is a timing diagram useful in understanding the S array. If the memory 14 is constructed of flash EE- 
operation of the circuit of FIG. 5. PROM memory cells, it may be modified by running an 

FIG. 7 is a flow chart describing a method in accor- update process on the computer system 10 itself to re- 
dance with the present invention. program the values stored in the memory 14. 

^.^^ . * ^T-^ ^~w^T^^ Also connected to the bus 12 are various peripheral 

NOTATTON AND NOMENCLATURE components such as long tenn memory 16 anddrcuitry 

Some portions of the detailed descriptions which such as a frame buffer 17 to which data may be written 
follow are presented in terms of symbolic representa- which is to be transferred to an output device such as a 
tions of operations on data bits within a computer mem- monitor 18 for display. The construction and operation 
ory. These descriptions and representations are the of long term memory 16 (typically electro-mechanical 
means used by those skilled in the data processing arts 15 hard disk drives) is well known to those skilled in the 
to most effectively convey the substance of their work art. However, rather than the typical electro-mechani- 
to others skilled in the art The operations are those cal hard disk drive, a flash EEPROM memory array 
requiring physical manipulations of physical quantities. may be used as the long term memory 16. Such flash 
Usually, diough not necessarily, these quantities take EEPROM memory arrays are programmed and erased 
the form of electrical or magnetic signals capable of 20 through techniques which utilize voltages greater than 
being stored, transferred, combined, compared, and that typically available to the integrated circuits of 
otherwise manipulated. It has proven convenient at more advanced portable computers. Such flash EE- 
times, principally for reasons of common usage, to refer PROM memory arrays typically include circuitry for 
to these signals as bits, values, elements, symbols, char- progranuning and erasing the memory array. Conse- 
acters, terms, numbers, or the like. It should be borne in 25 quently, such long term memory arrays as well as mem- 
mind, however, that aU of these and similar terms are to ory 14 may provide circuitry in accordance with this 
be associated with the appropriate physical quantities invention for generating high voltages from the lower 
and are merely convenient labels applied to these quan- voltages available &om their batteries, 
jities. FIG. 2 illustrates a typical prior art charge pump 

Further, the manipulations performed are often re- 30 circuit 20. The circuit 20 includes some mmiber of N 

ferred to in terms, such as adding or comparing, which channel field effect transistors devices (21, 22, and 23 

are commonly associated with mental operations per- are shown) connected with their drain and source ter- 

formed by a human operator. No such capability of a minals in series between a source of potential Vcc and 

human operator is necessary or desirable in most cases an output terminal indicated at Vout. Capacitors 25 and 

in any of the operations described herein which form 35 26 are utilized to provide two non-overlapping clock 

part of the present invention; the operations are ma- signals (phase 1 and phase 2) from sources not shown in 

chine operations. Useful machines for performing the the figure which vary between a low value of ground 

operations of the present invention include general pur- and a high value of Vcc in the sequence illustrated, 

pose digital computers or other similar devices. In all Following the timing diagram of FIG. 2, since the gate 

cases the distinction between the method operations in 40 terminal of the N device 21 is connected to its drain, the 

operating a computer and the method of computation gate terminal is substantially higher than the source 

itself should be borne in mind. The present invention terminal so the N device 21 is initially on, allowing the 

relates to a method and apparatus for operating a com- capacitor 25 to charge to the value Vcc less the thresh- 

puter in processing electrical or other (e.g. mechanical, old voltage drop Vt across the device 21. The device 22 

chetnical) physical signals to generate other desired 45 is off at this time because both input phases are low. 

physical signals. When the phase 1 clock goes high, the high voltage at 



DETAILED DESCRIPTION 



the source of the device 21 transferred by the capacitor 
25 causes the device 21 to turn off. This same voltage 
Referring now to FIG. 1, there is illustrated a com- raises the voltage at the drain and gate terminals of the 
puter system 10. The system 10 includes a central pro- SO device 22 so that the device 22 turns on and begins 
cesser 11 which caiiies out the various instructions charging the capacitor 26. When the phase 1 clock goes 
provided to the computer 10 for its operations. The low again, the device 22 begins to cease conducting 
central processor 11 is joined to a bus 12 adapted to charge to the capacitor 26; and the device 21 turns back 
carry information to various components of the system on and begins to charge the capadtor 25. 
10. Joined to the bus 12 is main memory 13 which is 55 When the phase 2 clock pulse goes lUgh, the device 
typically constructed of dynamic random access mem- 23 comes on and furnishes charge to the output terminal 
ory arranged in a manner well known to those skilled in Vout This pattern of charging continues with the volt- 
the prior art to store information during a period in age at the output terminal Vout The voltage at this 
which power is provided to the system 10. Also joined terminal will ultimately 8|>proach a value which is just 
to the bus 12 is read only memory 14 which may include 60 less than.the number of stages of the charge pump plus 
various memory devices well known to those skilled in one multiplied by the value of the source voltage Vcc 
the art each of which is ad^ited to retain a particular minus the threshold drop of each stage 
memory condition in the absence of power to the sys- [(N + l)x(Vcc— Vt)]. 

tern 10. The read only memory 14 typically stores van- Typically, the output terminal Vout furnishes the 
ous basic functions used by the processor 11 such as 65 charge to a circuit which may be represented as a ca- 
basic input/output processes and startup processes typi- pacitor and which does not draw any appreciable 
cally referred to as BIOS processes. Such memory 14 amount of current It may be shown that the amount of 
may be constructed of flash EEPROM memory cells current which is transferred by this conventional 
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charge pump is directly related to the voltage at the Viewing the circuit as a whole, when the device 31 
output terminal Vout. The higher the voltage at the comes on in response to the high phase 4 clock, its gate 
output terminal, the less current is transferred. Conse- has been charged through the device 43 which has gone 
quently, if the voltage at the output terminal is regu- off. Thus, the device 31 comes on without a Vt drop 
lated and remains relatively high from pulse to pulse of 5 and charges the capacitor 36 and the capacitor 41 very 
the input clocks, once the circuit has been running for rapidly. Then the device 31 begins to turn off as the 
any time, then though the voltage at the output may be phase 4 clock goes low. The rising phase 1 pulse corn- 
raised to a high value, the average current is relatively pletes the tumoff of the device 31 by discharging the 
small. capacitor 40 through the device 43. The high phase 1 
If it is desired to erase or program flash EEPROM clock continues the charging of the capacitor 41 until 
memory arrays, both high voltage and high current are drop of the phase 3 clock turns off the device 44 
required to be delivered by the charge pump. This is leaving the gate of the device 32 charged. As explained 
true because the flash EEPROM cells provide a resis- above, the lowering of the phase 3 clock begins turning 
rive load when they are being erased. Consequently, a on the device 32 which comes on completely without a 
conventional charge pump cannot be used to provide ^^°P ^ S^es high and the gate 
erase or program currents to flash EEPROM memory device 32 goes above the drain. This allows the 
arrays without requiring very large capadtors which ^^P^^ charge of the capacitors 37 and 42. The same 
occupy an inordinate amount of die space. One way in sequence continues through whatever number of stages 
which a more efficient pump capable of furnishing a ^« P^^^ ^^^^ o« capacitor 38 is suffi- 
greater amount of current may be designed is to use a ^^^^ ^ ^ provide a pumped 
bootstrap type of pump. FIG. 3 illustrates a prior art voltage level at the output of the circuit 30. It should be 
first type of bootstrap pump arrangement As is shown that the last stage operates in a range in which it 
in no. 3, the pump 30 includes a number of stages of N exhibits a Vt drop. . , ^ 
type field effect transistors 31, 32, 33, and 34 comiected , ^ ^if ^ operation contmu^ m the manner ex- 
in series between a source of voltage Vcc and an output Pl^m^^ The three stage Pump cu-cmt 30 dlustrated m 
terminal Vout Phase 1 and 3 input clock signals are Y^^'f approximately N (where N is the num- 
fumished to the circuit 30 from sources 1 and 3, respec- t"' 1^ T ° ."^^^ T'"^ 
tively, via capacitors 36. 37, and 38. Phase 2 and 4 iiput T^^ 1 a ''^?^ "^"Z^. 
^locksignals^funiishedfrDmsources2and4,respec. ^/'^''T?7''^'^t^• 

^. , c Mm J ^« « /T , 30 voltage of 17.1 volts is furnished at the output of the 

tively by capaators 4a «, and 42. Each stage of the p^p^^,^, 30. More importantly, the circdt 30 p^ 

circuit 30 mcludes an N channel field effect transistor l^^^^ ^^^^ ^^^^^ l^^^^ ^ ^^P^^. 

device 43, 44, or 45 used to conuol the voltoge at the mustizted m FIG. 2 because the circuit 30 

gate termmal of Ae device 31, 32 or 33 of that stage. ^oes not have the threshold voltage drops of the circuit 
TTie four individual clock signals referred to ^pbase 35 20 except for the last stage. Th^ allows it to provide 

1, phase 2, phase 3, and phase 4 are shown m FIG. 4. In ^^^^ ^^^^ This efficiency is a 

order to understand the operation of the circmt 30, the ,^3^1, bootstrapping operation by which the ca- 

opemtion of a single stage includmg the switching tran- ^^^^^ 40, 41, ^nd 42 are charged and then the charg- 

sistor 32 will discussed. Following the pnor art tun- p^^h is cut off so that the charge cannot dissipate 
mg diagram of FIG. 4, the pl^ 3 and phase 4 clocks 40 before the devices 31, 32, and 33 are turned on. The 

are mitially high Smce the phase 3 clock is high the charged gate terminal forces a higher voltage on the 

control device 44 is imtiaUy on. When the pl^ 1 clock gate terminal than the drain terminal of each switching 

signal goa high, the voltage pulse apphed through the transistor when that switching transistor is turned on 

capacitor 36 charges the capacitor 41 at the gate termi- causing the transistor to function without a threshold 
nalofthedevice32throughthedevice44tothevoItage 45 voltage drop. This mcreased efficiency aUows the 

level of the dram terminal of the device 32. When the charge pump to use smaller capacitors and thus be im- 

phase 3 clock then goes low, the device 44 turns off, plemented in a smaUer die area on an integrated circuit 

isolating the gate of the device 32 and leaving the ca- As those skilled in the art will recognize, the four 

pacitor 41 charged. This also lowers the voltage at the individual clock phases needed to operate the circuit 30 
source of the device 32 so that the device 32 begins to 50 are very difficult to generate. The clocks are of different 

conduct. When the phase 2 clock then goes high, the lengths and must be accurately overlapped in order to 

voltage at the gate is appreciably higher than at the provide the appropriate operation of the circuit to ob- 

drain because of the precharging of the capacitor 41. tain its advantageous results. In practice, it appears that 

This turns the device 32 on in the region in which it such circuitry cannot be produced economically with 
experiences no threshold voltage (Vt) drop. The elimi- 55 real expectation of success. This is especially true when 

nation oftheVt drop means that the circuit can provide operating at frequencies which produce 50 ns. clock 

increased current from the capacitor 36 to the next periods. 

stage. The high voltage at the capacitor 36 begins to The circuit 50 illustrated in FIG. 5 may be produced 

charge the capacitor 37 and to the capacitor 42 through economically and will provide essentially the same 
the device 45 very rapidly. 60 results as that produced by the circuit 30 of FIG. 3. The 

When the phase 2 clock then goes low, the device 32 basic circuitry of FIG. 5 is similar to that utilized in 

begins to go off. When the phase 3 clock goes high, the FIG. 3. However, in contrast to the circuit 30 of FIG. 

device 44 turns on discharging the gate of the device 32 3, the circuit 50 includes only two sources of clock 

and bringing it toward the voltage of the drain so that pulses. The clock pulses produced by these sources are 
the device 32 turns off rapidly. When the phase 1 clock 65 shown in FIG, 6. These clock pulses are applied in a 

then goes low, the device 32 stays off and the device 44 unique manner in order to allow the operation of the 

stays on so that the charge at the drain and gate are circmt 50 to produce the desired output voltages and 

equalized. currents. The flow chart of FIG. 7 describes this opera- 
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tion. The circuit 50 includes a number of stages of N 
type field effect transistors 51, 52, 53, and 54 connected 
in series between a source of voltage Vcc and an output 
terminal Vout In the preferred embodiment of the 
circuit, the transistors 51, 52, and 53 as well as the other 
transistors are special N type devices referred to as S 
type devices. S type devices are basically N type de- 
vices having a very low threshold voltage level. The 
use and manufacture of S type devices are described in 



pulse turns on the device 52; and the capacitor 56 pro- 
vides stored charge and charge due to the phase 2 pulse 
to the capacitor 57. The device 52 switches off when the 
phase 2 pulse goes low. When the phase 1 pulse again 
goes high, the source Vcc again charges the capacitor 
56. Simultaneously, the device 53 goes on and the ca- 
pacitor 57 provides stored charge as well as the pulse 
from the phase 1 clock to charge a capacitor 58. When 
the phase 1 clock goes low, the device 53 turns off. 



detail in U.S. Pat. Nos. 4,052,229; 4,096,584; 4,103,189; 10 When the phase 2 clock later goes high, the output 



and 5,057,715. Two phases of input clock signals (phase 
1 and phase 2) are furnished to the circuit 50 from 
sources 55 and 59 via capacitors 56, 57, and 58, The 
same two phases of input clock signals are furnished 
from sources 55 and 59 by capacitors 60, 61, and 62. 
Each stage of the circuit 50 includes an N channel field 
effect transistor device 63, 64, or 65 connected to the 
gate terminal of the device 51, 52, or 53 of that stage. 
In contrast to the circuit 30 of FIG. 3, the two phase 



device 54 turns on and fiimishes a pumped voltage at 
Vout equal approximately to the number of stages plus 
one multiplied by the value of Vcc less the Vt drop of 
the output device 54. 
15 Ultimately, the charging of the capacitor 58 and the 
positive swing of the phase 2 clock pulse raise the volt- 
age level on the capacitor 58 sufficiently above the level 
Vout to cause the conduction of the switching device 
54. This provides the desired output voltage while fur- 



clock signals do not overlap and the capacitors 60, 61, 20 nishing the high level of current necessary to erase and 



and 62 are not precharged by the devices 63, 64, and 65. 
Referring the FIG. 6, it may be seen that the phase 2 
clock is illustrated as high initially. When this clock is 
high, enabling signals are ^plied to the gate terminals 



program flash EEPROM memory arrays. 

Thus, as may be seen, the arrangement of FIG. 5 
provides a reliable charge pump circuit capable of pro- 
ducing high levels of current efficiendy with a substan- 



of the control devices 63 and 65; and to the gate of 25 tial reduction in the circuitry and die space necessary in 



switching device 52. These pulses turn the control de- 
vices 63 and 65 on. The high voltage from the source 2 
is also applied at the drain of The device 52, and the 
^^igh voltages at both the drain and gate of the device 52 
cause it to turn on. When the device 52 goes on, its drain 30 
and gate are initially at the same value. However, since 
the phase 1 clock is low, the control device 64 joining 
the drain and gate of the device 52 is off. Thus, after the 
device 52 has been on for any period, the high voltage 



the prior art. The circuit of FIG. 5 also offers the advan- 
tage that it re4uires substantially less delay in various 
voltage regulation circuitry utilized with the circuit in 
its usual arrangement. 

Although the present invention has been described in 
terms of a preferred embodiment, it will be appreciated 
that various modifications and alterations might be 
made by those skilled in the art without departing from 
the spirit and scope of the invention. The invention 



at the drain transfers charge from the capacitor 56 to the 35 should therefore be measured in terms of the claims. 



capacitor 57, reducing the voltage level at the drain of 
the device 52. This causes the voltage at the gate of the 
device 52 to be higher than either the drain or the 
source; and the device 52 switches completely on with- 
out any threshold voltage drop, increasing the current 40 
furnished to the next stage. 

As the voltage at the drain and source of the device 
begin to equalize, the voltage at the gate of the control 
device is raised so that the control device is nearly on. 
When the phase 2 clock pulse goes low, the device 64 45 
turns on. The lowering of the voltage at the gate of the 
device 52 when the phase 2 pulse goes low causes the 
device 52 to begin to turn off. Simultaneously, the gate 
terminals of each of the control devices 63 and 65 are 
lowered turning off the devices 63 and 65 so that the 50 
drain and gate terminal^ of the devices 51 and 53 are 
isolated from each other. When the phase 1 clock pulse 
goes high, the device 64 switches completely on and 
equalizes the gate and drain of the device 52. At the 
same time, the gate tenninals of the devices 51 and 53 55 
are raised by the value Vcc while the drain of the de- 
vice 53 is raised by the value Vcc. 

The devices 51 and 53 function similarly to the device 
52 in transferring charge to the capacitors 56 and 58. 
The gate and drain terminals of these devices are ini- 60 
tially equal, but then the drain voltage drops as charge 
is transferred to the capacitors 56 and 58 of the next 
stages so that,the devices are switched completely on 
and experiende no threshold voltage drop. 

Thus, when the phase 1 clock goes high, the device 65 
51 turns on; and current provided by the source Vcc 
charges the capacitor 56. When the phase 1 pulse goes 
low the device 51 switches off. Then the phase 2 clock 



which follow. 
What is claimed is: 

1, An integrated circuit charge pump circuit compris- 
ing a plurality of stages, each stage including 

a first N type field effect switching transistor device 
having gate, source and drain terminals, each 
switching transistor device of each stage being 
connected in series with switching transistor de- 
vices of other stages, 

a second N type field effect control transistor device 
having gate, source and drain terminals, the drain 
and source terminals connecting the drain terminal 
and the gate terminal of the first switching transis- 
tor device, and 

a storage c^acitor joined to the soiuce terminal of 
the first switching transistor device; 

a voltage source providing voltage to be pumped and 
connected to the drain terminal of the first switch- 
ing transistor device of the first stage; 

a first clock source providing a first series of clock 
pulses; 

circuitry connecting the fiirst series of clock pulses to 
the gate terminals of the first switching transistor 
devices in odd stages of the charge pump and to the 
gate tenninals of the second control transistor de^ 
vices in even stages; 

a second clock source providing a second series of 
dock pulses which do not overlap the first series of 
clock pulses; and 

circuitry connecting the second series of clock pulses 
to the gate terminals of the first switching transis- 
tor devices which do not receive the first series of 
clock pulses and to the gate tenninals of the second 
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control transistor devices which do not receive the 
first series of clock pulses such that the first switch- 
' ing transistor devices are switched on to charge the 
next stage of the charge ptunp. 
Z An integrated circuit charge pump circuit as ^ 
claimed in claim 1 further comprising an output stage 
comprising a first N type field dfect switching transis- 
tor device having gate, source and drain terminals, the 
drain terminal being connected in series with a last stage 
of the circuit, and the gate terminal being connected to 
the drain terminal. 

3. An integrated circuit charge pump circuit as 
claimed in claim 2 in which each of the switching tran- 
sistor devices and each of the control transistor devices 
is an S type field effect transistor device. 

4. An integrated circuit charge pump circuit compris- 
ing a plurality of stages, each stage including 

a switching transistor device having gate, source, and 
drain terminals, the source and drain terminals of 20 
each stage being connected in series with the 
source and drain terminals of all other stages, 

means for connecting in series the switching transis- 
tor device, switching transistor devices in adjacent 
stages and 25 

first storage means joined to the source terminal of 
the switching device; 

second storage means joined to the gate terminal of 
^ the switching device 

means for providing a voltage to be pumped at the 30 
drain terminal of the first switching transistor de- 
vice of a first stage of the charge pump drcoit; 

means for furnishing a first set of clock pulses; 

means for furnishing a second set of clock pulses 
which do not overlap the first set- of clock pulses; 

means for applying pulses of the first series of clock 
pulses to the gate and drain terminals of the switch- 
ing transistor devices in alternate stages of the 
charge pump circuit; 

means for applying pulses of the second series of 
clock pulses to the gate and drain terminals of the 
switching transistor devices in stages of the charge 
pump circuit which switching transistor devices do 
not receive the first series of clock pulses at gate 
terminals; 

means responsive to the first and second series of 
clock pulses for disabling the means for connecting 
the drain terminal and the gate terminal of the 
switching transistor device of each stage of the 50 
charge pump circuit during a period beginning 
with the turn on of the switching transistor of that 
stage and continuing until the storage means of that 
stage has charged to a voltage level equal to a 
voltage level at the drain of the switching transistor 55 
device of that stage, whereby the gate of the 
switching transistor of each stage is held at a volt- 
age level during conduction sufficient to eliminate 
threshold voltage drop. 
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5. An integrated circuit charge pump circuit as 
claimed in claim 4 further comprising an output stage 
comprising a switching transistor device having gate, 
source and drain terminals, the output stage connected 
in series to a last stage of the plurality of stages, and gate 
terminal being connected to the drain terminal. 

6. An integrated circuit charge pump circuit as 
claimed in claim 4 in which the means for connecting 
the the switching transistor device comprises a control 
transistor device having gate, source, and drain termi- 
nals, the source and drain terminals being connected in 
a path between the gate and drain terminals of the 
switching transistor device of that stage. 

7. An integrated circuit charge pump circuit as 
claimed in claim 6 in which the means responsive to the 
first and second series of clock pulses for disabling the 
means for connecting the drain terminal and the gate 
terminal of the switching transistor device of each stage 
of the charge pump circuit during a period beginning 
with the turn on of the switching transistor of that stage 
and continuing until the storage means of that stage has 
charged to a voltage level equal to a voltage level at the 
drain of the switching transistor device of that stage, 
comprises: 

means for furnishing the first set of clock pulses to the 
gate terminals of control transistor devices in 
stages in which the second set of clock pulses is 
applied to the gate of the switching transistor de- 
vice, and 

means for furnishing the second set of clock pulses to 
the gate terminals of control transistor devices in 
stages in which the first set of dock pulses is ap- 
plied to the gate of the switching transistor device. * 

8. An integrated circuit charge pump circuit as 
claimed in claim 7 in which the first storage means 
joined to the source terminal of the switching device 
and the second storage means joined to the gate termi- 
nal of the switching device each comprises a capacitor, 

in which the means for furnishing the first set of clock 
pulses to the gate terminals of control transistor 
devices in stages in which the second set of clock 
pulses is applied to the gate of the switching tran- 
sistor device, comprises means furnishing the first 
set of clock pulses to the capacitor and means join- 
ing the capacitor to the gate terminal of the control 
transistor device of that stage; and 

in which the means for furnishing the second set of 
clock pulses to the gate terminals of control transis- 
tor devices in stages in which the first set of clock 
pulses is applied to the gate of the switching tran- 
sistor device comprises means furnishing the sec- 
ond set of clock pulses to the capacitor and means 
joining the capacitor to the gate terminal of the 
control transistor device of that stage. 

9. An integrated circuit charge pump circuit as 
claimed in claim 8 in which each of the switching tran- 
sistor devices and each of the control transistor devices 

is an S type field effect transistor device. 

***** 
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[57] ABSTRACT 

This invention relates to an integrated high voltage 
generating system provided with a charge pump for 
raising the input power supply voltage sequentially 
while transferring the electric charges of the capacitors 
on a stage by stage basis, by serially connecting unit 
circuits composed of diode elements and capacitors, and 
supplying clock signals of mutually opposite phases to 
adjacent capacitors. Source and drain electrodes of a 
MOS transistor are connected between the first power 
supply output terminal and a second power supply out- 
put terminal, and the gate electrode of this MOS transis- 
tor is connected to the input end of any one of the unit 
circuits of the charge pump, wherein the voltage of the 
first power supply output terminal is stepped down 
depending on the voltage applied to the gate electrode 
of the MOS transistor, aiid is delivered to the second 
power supply output terminal. In this way, since the 
voltage is not stepped down using a dividing circuit, a 
potential between input power supply voltage and the 
first input power supply voltage can be obtained from 
the second power supply output terminal, without con- 
suming unnecessary current and without causing the 
chip area to be increased. 
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and 3.0 microns respectively and their ratio W/L is 

INTEGRATED mCH VOLTAGE GENERATING about 20. At this time, the circuit IL flowing in the 

SYSTEM MOS transistors 17, 18 is about 5 mA. That is, when 

such MOS transistors 17, 18 are used, the majority of 

BACKGROUND OF THE INVENTION 5 the current of several milliamperes delivered from the 

. This invention relates to an integrated high voltage charge pump is consumed in the dividing circuit, and 

gen^tSg system, and more parU^ularly to an inte- the function as the mtegrated high vol^ge genet^tmg 

Irated hi Ji voltage generating system having a charge system is sacrificed. Hence, as one of the methods of 

oumD ^ decreasmg the current consumption m the dividing 

viiovs products have recently been developed circuit to, for example about 5 ^A, it may be considered 

which are portable and compact, and, as a result, they to design the gate width (W) at about 3 microns and the 

tend to have a lower supply voltage obtained from a gate length (L) about 1500 microns, that is, the W/L of 

single power source. For example, the power voltage of about 0.002. In turn, hoever, when the gate of MOS 

portable radio or portable tape recorder is about 1.5 to transistors 17, 18 is fabricated in such a size, since the 

3.0 V. When a high power voltage is required for a gate width (W) itself is only about 3 microns, if its di- 

product, a high voltage generating system is incorpo- mension varies about ±0.3 micron, the effect of fluctua- 

rated in the product or a semiconductor device used in tion is significant, and the stability of the device . is im- 

the product When an integrated high voltage generat- paired. Or when the gate is reduced to such a size, the 

ing sytem is incorported in a semiconductor device, the stray capacitance of the gate increases. As a result, the 

high voltage is generated by using a charge pump. Fur- ^ response of the circuit is worsened. Thus, in the conven- 

thermore, if a high voltage power source having differ- tional integrated high voltage generating system using a 

ent potentials is needed, a high voltage is first generated dividing circuit, it was extremely difficult to lower the 

by 5ie charge pump, and this high voltage is divided current consumption without spoiling the stability, and 

and stepped down. The output is controlled using this response of the circuit. 

divided voltage, thereby creating another high voltage ^5 Additionally, as another method of decreasing the 

source different from ±e original high voltage source. current consumption, it may be considered to raise the 

However, since the current supply capacity of the cUviding resistance. For example, when dividing 20 V 

charge pump in the device is smaller in relation to its -^^^ 15 V, in a 3-micron process, by using a MOS tran- 

area, the electric power consumed in this dividing cir- ^^^^^ of about 3 mm2, the current consumption becomes 

cuit cannot be ignored. . about 100 oA. To reduce this current consumption, 

A conventional integrated high voltage generatmg additional MOS transistors as the dividing resistances 

system using a charge pump is descnbed below. ^^^^^ ^ -^^^^^ between the power supply terminals 

FIG. 7 shows a conventional example of an mte- ^^^^ ^^^^^ ^^^^ ^ ^ ^he above 

grated high voltage generatmg s>^tem usmg a charge ^h^ ^^e value of the current flowing in the 

pump for delivenng two ditterent power yoiiages. ii ^ividhie circuit mav be reduced to sevaral microam- 

comprises a charge pump havmg four umt circuits con- 8^ ^ consumption can be decreased. 

'^f^n^:^''%'°'^T^tt^:^f^9JZ' TTusmethodhowever.becomessensitivetofluctuations 

pel MOS transurto« 1 * f i?fP^^t°« «^ of the threshold voltag« of the MOS transistors. Ac- 

mg circuit composed oftwo MOS transistors 17, 18, and ^* i *u • f«u;i;*„ ;o 

a^epKiowncontrolpartcomposedofaMOStransistor 40 cordmgly the circuit stobility is poor, 

11 Sted by the divided voltaJTof the dividmg circuit. On the other hand the charge pump power supply is 

m operation of the conventional integrated high extremely small m the supply electnc power Per umit 

voltage generating system is explained by referring to area as compared with the power supplied by merely 

FIG 7 dividing the external power source. Therefore, if the 

The electric charge coming in through the MOS 45 capacity of tiie charge pump is increased in order to 
transistor 1 from power source V^ connected to the compensate for Ae shght power consumption m the 
power source input terminal is sequentially transferred dividing circmt, the area occupied by the charge pump 
among four stages of unit circuit controUed by clock within the semiconductor device becomes extremely 
signals CLK, CLK of normal and reverse phases with large, and the chip size itself becomes larger, 
an ampUtude of V^, and is sequentially boosted in this 50 It U hence a first object of this mvention to present an 
process. The boosted power supply voltage is delivered integrated high voltage generating system capable of 
to a first power supply output terminal OUT 1. Part of obtaining a potential between the input power supply 
this power supply voltage is deUvered to a second voltage and the output power supply voltage without 
power supply output terminal OUT 2 as another power consuming unnecessary current 
supply voltage, by way of a step-down MOS transistor 55 It is a second object of this mvention to .present an 
11 which is gated by the divided output of the dividing integrated high voltage generating system capable of 
circuit composed of two MOS transistors 17, 18. How- obtaining a potential between the mput power supply 
ever, when a dividing circuit is used within the inte- potential and the output power supply potential without 
grated high voltage generating system, the stability and causing the chip area to be increased, 
response of this circuit and the current consumption are 60 This invention may be briefly summerized as an lute- 
in conflict with each other, and accordingly the current grated high voltage generating system including a 
consumption cannot be significantly decreased. The charge pump having a plurality of unit circuits com- 
reason is as follows. Usually, at the first power supply posed of diodes or diode-connected MOS transistors 
output terminal OUT 1, a current flows of about several and capacitors of which one. end is connected to the 
microamperes. On the other hand, when the MOS tran- 65 input side of the diodes or the MOS transistors and the 
sistors 17, 18 are fabricated according to the design rule other end to the clock signal source, connected in series 
of about 3 microns, the gate width (W) and gate length so that the diode polarities may be in a same direction 
(L) of the gate electrode are usually about 60 microns and clock phases applied to adjacent capacitors may be 
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mutually reverse, wherein an intermediate potential is The conceptual drawing of the voltage waveform of 

taken out from the intermediate node between the each node of the charge pump at this time is shown in 

power supply input terminal of the charge pump and • FIG. 2, is which the output of the first power supply 

the first power supply output terminal, and this interme- output terminal OUT 1 is Vqut* the sum of the currents 

diate potential is applied to the gate of the MOS transis- S flowing out is I, and the threshold voltage of the MOS 

tor connected between the first power supply output transistors is VT. 

terminal and the second power supply output terminal. The first stage of the charge pump is explained as 

In this constitution, without consuming the unneces- follows. For the sake of simplicity, the clock signal is 

sary current as experienced in the dividing circuit, and suppose to have no tr ansien t time and phases of the 

without causing the chip area to be increased, a poten- 10 clock signals CLK and CLK are accurately reverse and 

tial between the input power supply potential and the the capacity of the capacitors 6 to 8 for the charge 

first power supply output potential may be obtained pump is supposed to be sufficiently larger than the stray 

from the second power supply output terminal. capacitance. When the clock signal CLK connected to 

Other features and objects of the present invention the capacitor 6 is LOW, the potential of this capacitor 6 

will be apparent from the folio wmg description taken in 15 v^- VT. At phase 1, the clock signal CLK rises, and 

connection with the accompanying drawings. the capacitor potential at the first stage instantly goes up 

BRIEF DESCRIPTION OF THE DRAWINGS V^c- VT+ V^c to- reach^e peak voltage. At this 

moment, the clock signal CLK for the capacitor of the 

FIG. lis a circuit diagram of one embodiment of an g^^g^ (second stage) falls, so that the electric 

integrated high voltage generating system of this inven- 20 charge stored in the capacitor 6 of the first stage is 

tion; transferred to the capacitor 7 of the next stage via the 

FIG. 2 is a conceptual diagram modeling the voltage j^qS transistor 2. As a result, the potential of the capac- 

changes at each stage of the charge pump in HG. 1; -^^^^ 5 changes by -dV. At phase 2, since the clock 

FIG. 3 is a circuit diagram of a second embodiment of ^-g^ Q^y^ capacitor 6 faUs, the potential of the 

this invention; ^ ^. ^ ^. r ^ capacitor 6 changes by - Vco Accordingly, the poten- 

FIG. 4 is a circmt diagram of third embodiment of ^ decreased to the bottom voltage in a moment and 

this invention; ^ ^ ^ : ^. - then receiving electric charges from the preceding 

FIG. 5 is a circuit diagram of a fourth embodiment of ^^^^^ potential changes by +dV. and the node 

. . r r=i=.i. u ^- * r potential becomes Va-VT. Here, assuming the fre- 

FIG. 6 ^ a circuit diagram of a fifth embodiment of 30 ^^^^^^ ^^^^^ ^j^^ ^LK and Cl^ to be f [Hz] 

this invention; and . , . and the capacitance of the capacitor in the charge pump 

FIG. 7 IS a circmt diagram of a conventional inte- be C [F], in the stationary state, the electric charge 

grated high voltage generatmg system. transferred once from the capacitor 6 to 7 is equal 

DETAILED DESCRIPTION OF THE 35 to the sum of the current I/f flowing out per one clock 

INVENTION time. Hence, dV=I/fC. Such a cycle occurs in each 

Referring now to the drawings, this invention is de- JJSiion may be also explained as follows. In 

scribed relatmg to some of the embodnnents m detail ^^^^ ^^^^ resistance of the tran- 

OT^* . J- u - r*i, sistors 2 to 5 are inserted in series to the input side of the 

FIG. 1 IS a circmt diagram showipgone of the em. 40 ^iode-connected MOS transistors 2 to 5. Accordingly, 
bodmients of this mvention. In this diagram, the charge 

pump constructed by the senes connection of four 5^ « ^ •♦^^ i:*^o««ia ♦*,„nM^^;e*o,,^«. 

*: *^ - . J * j« J X J constant due to capacitors 6 to 9 and the ON resistances, 

stages of a umt circuit composed of diode-connected o:^«i<. nr v T^Tv or^«^^«H 

Tks^u»^^^\ Twrnc 1 5 /•a^o/^t^rc o ic Therefore, when clock signals CLK, CLK are apphed 

N-channei MOS transistor 1 to 5 and capacitors 6 to 9 is ^ - / . ^ , . 

same as in the prior art However, in tWs charge pump 45 each stage, the pot^tial of ^^J^ "^^^^"^^^^ 

an intermediate potential is taken out from the mterme- momenUnly riches the peak voltage (or the bottom 

diate node (the sVcond stage in the case of the embodi- ^^^^^Se) ^^^^^9 ^^^^ w 1 

ment in FIG. 1) between the power supply input termi- f^^p* to a stationary voltage of a high level (or low 

nal and power supply output^erminal This intermedi- ^^^^ > Recording to t^e co^tant If nse and fall of 

ate potential gates MOS transistor 11 which couples a 50 ^^^^ ^'^r^ ^LK, CLK are sufficiently steep, the peak 

first power supply output terminal OUT 1 and a second ^^1^5^ at the n-th stage the stationary voltage of a high 

power supply output terminal OUT 2. The first power ^^^el' ^he stationary voltage of a low level and the bot- 

supply voltage WqutI is supplied into a voltage detec- ""oltzge are respectively expressed m equations (1) 

tor circuit (not shown), while the second power supply ^o (4). 

voltage VouT 2 is supplied into a load (not shown). 55 ^^ak voltage at the n-th stage: 

Capacitors 10, 12 are smoothing capacitors to lessen the „^ „ , , _ 

repple of the first and second power supply output v cc i/ cc v / 

voltage Voc/r It Voot2. At each stage of the charge u 1 1 * «♦ « ♦u 

o ,*» t Ar n- T^TTT r ^ 11 Hish Icvel stationaiy voltage at the n-tn stage: 

pump, clock signals CLK, CLK of mutually opposite ^ / & o 

phases are applied to adjacent pumps, and their ampli- 60 rH«=«<Kr-K7)+Kctf-n*/-/?* (2) 

tude is Vcc, equal to that of the power supply voltage. * 

In this coi^titution, the electric charge running in Lo^ i^^^l stationary voltage at the n-th stage: 
through the MOS transistor 1 by. way of the power 

supply Vce connected to the power supply input termi- VLn^n-iVa:- VT^-in-xyj-Rs (3) 
nal is sequentially transferred among four stages of the 65 

charge pim p being controlled by the clock signals Bottom voltage at the n-th stage: 
CLK, CLk of normal and reverse phases having an 

amplitude of Vcc. KLft=n<K<c-K7)-ii /i«J (4) 
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rents become as if full-wave rectifying voltage were 

where Rs is an equivalent resistance per stage, being smoothed, so that the ripple content is decreased 

Rs= I/fC. Incidentally, equations (1) to (4) may be also correspondingly. ' 

expressed as in equations (5) to (8) respectively, in terms FIG. 4 shows a third embodiment of this invention, in 

ofthefu^tpowersupply output voltage Vot/rl and the 5 which a diode-connected MOS transistor 13 and a 

power supply voltage Vcc- In these equations, N denotes smoothing capacitor 14 are inserted between the inter- 

the total number of stages of the unit circuit in the mediate node and the step-down MOS transistor 11 in 

charge pump. FIG. 1. By constructing the circuit in this way, the gate 

voltage of the step-down MOS transistor 11 is stabi- 

VHn^n'VouryNHN-nHVcc-yfi/N-^^T (5) 10 jj^ed, and the second power supply output voltage 

vMPn^vH iRs (6) Vot/T 2 is also Stabilized. The rcason for this is as fol- 

• j^^^ ^ stated above, from the second power supply 

KL«=(n-i>>^oc/ri/iV+(iV-n+iH^'ec-J'7)/iV (7) output terminal OUT 2, voltage lower than the maxi- 
mum voltage applied to the gate of the MOS transistor 

VLPn^VLn-iRs (8) 11 by Vr(the threshold voltage of the MOS transistor 

11) is taken out as the second power supply output 
From equation (7) it is known that the low level voltage Vo£/r2. Since the voltage applied to the gate of 
stationary potential of the potential of the intermediate the MOS transistor 11 is a voltage from the intermediate 
node obtained from the n-tii stage is equal to the poten- node, it fluctuates p eriodi cally in synchronism with the 
tial of interior division between the voltage Vqut 1 of 20 ^^^^ signals, CLK, CLK. Therefore, for instance, if the 
the first power supply voltage OUT 1 and the value g^^e voltage fluctuates between 11 V and 16 V and the 
lower by Vr than the voltage Wcc of the power supply threshold voltage Vrof the MOS transistor 1 1 is 1 V, 
input terminal into N-n-h 1; n- 1, that is, a divided second power supply output voltage Vout2 has a 
voltage. possibility of varying between 10 V and 15 V. Accord- 
In the embodiment shown in FIG. 1, an intermediate 25 .^^^^ connecting the diode-connected MOS transis- 
potential is obtained from the intermediate node at the smoothing capacitor 14 between the 
second stage, which corresponds to the case where intermediate node and the MOS transistor 11, the volt- 
n=2. In this circuit, from the second power supply ageapplied to the gate of the step-down MOS transistor 
output terminal OUT 2, a voltage lower than the maxi- ^ ^ flattened by the rectifying and smoothing 
mum voltage applied to the gate of the MOS transistor action of the MOS transistor 13 and smoothing capaci- 
llbyVKthredioldvoltogeoftheMOS transistor ^ j 
taken out 2^ the second power supply output vol age ^ ^ ^ j^^^^ ^^^^^ ^^^^ 
Vout2. That is, the second power supply voltage ^^^^ thre^old voltage Vt. and an ex- 
Voi/r2is tremely stabilized voltage is obtained. In this circuit, the 

VouT^n^youTi/NHN-nHycc-yii/N^i'^ (5) ^^^^ ^^"^^ ^"PP^y ^^^^^^e ^007 2 is ex- 
pressed as follows: 

As clearly understood from this embodiment, by wa/^/at^ wir 

selecting the intermediate node (that is, in this case, VoutI-^Vo^^^^^ ^^^^ 
setting n to any one of 1 to 4), the value of the second 40 

power supply voltage Vo£/r2 can be changed. Furtte- incidentally, a similar effect will be obtained by using 

more, in this circuit, since the dividmg circuit as used m ^ ordinary diode instead of the diodcKJOnnected MOS 

the conventional example shown m FIG. 7 is not used, transistor 13 

a potential between the input power supply voltage and embodiments, meanwlnle, the gate po- 

thes«»ndpowCTSupplyoutputvoltage Vot/T2maybe 45 step^own MOS ttansistor 11 is deter- 

obtojned without consummg any umiecessary current peJvoltage of the intermediate node, or. 

FIG. 3 shows a second embodiment of this mvention, »**"**^ «v ^^w**-. *T /.i.^ 1 
comSung two pieces of the embodiments shown £ in other words the top va^ue of ^^^^ 
FIG, 1,'aid the jLts indicated by reference numbers 1' J^e moment of nse (or fall) of clock sign^s CLK, ClX 
to ir ;re identi^n function 4h 1 to 11 in FIG. 1, 50 Jhis top ^^ue of mnsient response ^^f^^^'^^^V 
respectively. At the power supply input terminal of ^y of the ON res^t^^ 
eachcharge pump, power supply V« is comiected, and ^ to 5 and the ^ deviations between the two 
the power supply ouiut terminals are commonly con- clock signals CLK, CLK. Therefore, it is not wise to 
nect-S. Furthermore, clock signals CLK, CLK are ap- determme the gate potential of the step-down MOS 
plied to each stage of two charge pumps so that the 55 transistor using the top value. ^ ^ ^ ^. 
phase may be reverse to each other. Accordingly, the Accordmgly, FIG. 5 shows a fourth embodiment of 
output voltages are same as in the first embodiment, in invention which makes design easier and more 
FIG. 1, but the phase ofoperationofeach charge pump precise than the foregoing embodiments. In this em- 
is reverse to each other, so that the operation is effected bodiment, the intermediate potential is taken out from 
in such a manner as to reduce the ripple of the first and 60 the intermediate node through a MOS transistor 16 
second power supply output voltage Voi/rl, Vc>c/r2 of which is gated by the node signal in the previous stage, 
the first and second power supply output terminals In this case, in the newly added MOS transistor 16^ the 
OUT 1, OUT 2. That is, in the case using one line of a gate potential and the charge pump side potential of the 
charge pump as in FIG. 1, pulsating currents similar to source dram are driven in opposite phases, and since the 
when a half- wave rectifying voltage is smoothed are 65 gate side is connected to the node of the previous stage 
caused, and the ripple content increases. However, (Le. to one-stage lower voltage point), the maximum 
when two lines of charge pump are driven alternately in value of the intermediate potential is a low level station- 
reverse phases as shown in FIG. 3, the pulsating cur- ary value (not the top vsdue) of the n-th stage. There- 
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fore, designing becomes easier and more precise. At this 
time, the second power supply voltage Vout2 is 

As clear from equation (11), in this embodiment, the 
second power supply output voltage Vqut^ is deter- 
mined only by two elements, that is, the first power 
supply voltage VouT^ and Var-Vr- (In all foregoing 
embodiments, the element of current I was contained.) 

FIG. 6 shows a fifth embodiment, in which the 
charge pump 19 contains the elements 1 to 10, 13, 14 or 
16 shown in FIG. 1, 3, 4 and 5. A voltage detection 
circuit 20 is composed of a transistor 21 for detection of 
voltage, a load transistor 22 and an inverter 23. The 
output of the voltage detection circuit 20 controls the 
clock signal source 24. 

The input power supply voltage Vcc is boosted by the 
charge pump 19, and when the voltage Vqut 1 of the 
first power supply output terminal OUT 1 exceeds a 
predetermined value, the voltage detection transistor 21 
is turned on, and the output of the inverter 23 becomes 
a high level signal. In consequence, the frequency of the 
clock signal source 24 decreases, and the first power 
supply output voltage Vo£/rl is lowered. As a result, 
when the first power supply output voltage VouT 1 
becomes lower than the predetermined voltage, the 
voltage detection transistor 21 is turned off, and the 
output of the inverter 23 becomes a low level. Hence, 
the frequency of the clock signal source 24 increases, 
and the first power supply output voltage Voirl rises. 
By repeating such an operation, the first power supply 
output voltage Vourl is maintained at a predetermined 
voltage. When the first power supply output voltage 
VoUT 1 is maintained at a predetermined voltage, the 
second power supply output voltage VouT 2 is also 
maintained at a voltage lower by Vj (threshold voltage 
of the MOS transistor 11). Therefore, the second power 
supply current voltage applied to the load can be stabi- 
lized. 

Particularly, as with the charge pump 19 is FIG. 6, 
when the charge pump shown in the embodiment in 
FIG. 5 is used, the second power supply output voltage 
Voj/r2 is determined only by the two dements of the 



of said plural unit circuits represents a stage of said 
charge pump, and wherein said plural unit circuits 
are uniformly arranged according to a polarity of 
each diode element, and wherein an output end of 
said diode element of each preceding stage is se- 
quentially connected to the input end of said diode 
element of each succeeding stage, whereby, when 
clock signals of mutually opposite phases are re- 
spectively applied to the other end of each capaci- 
tor of adjacent said plural unit circuits, an electric 
charge stored in said capacitor of each preceding 
stage is sequentially transferred to said capacitor of 
each succeeding stage, thereby raising a voltage 
level on a stage by stage basis; 
a power supply input terminal connected to a first 
stage of said charge pump at said input end of said 
diode element of a first unit circuit; 
a first power supply output terminal connected to a 
final stage of said charge pump at said output end 
of said diode element of a final unit circuit; 
a second power supply output terminal; and 
a first MOS transistor having source and drain elec- 
trodes connected between said first and second 
power supply output terminals, and having a gate 
electrode connected at the input end of any one of 
said plural unit circuits of said charge pump, 
wherein a voltage of said first power supply output 
terminal is stepped down according to a voltage 
applied to said gate electrode, and wherein said 
stepped down voltage is delivered to said second 
power supply output terminal. 

2. An integrated high voltage generating system ac- 
cording to claim 1, further comprising: 

an additional diode element connected between the 
input end of any one of said plural unit circuits of 
said charge pump and said gate electrode of said 
first MOS transistor. 

3. An integrated high voltage generating system ac- 
40 cording to claim 2, further comprising: 

a smoothing capacitor connected between said gate 
electrode of said first MOS transistor and a refer- 
ence potential point. 

4. An integrated high voltage generating system ac- 
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first supply output voltage VouT 1 and V^c— Vr, and ^5 wording to claim 1, further comprising: 



the element of current I is not contained, so that the 
stabilization of the second power supply output voltage 
VouT 2 becomes extremely easy. 

In the foregoing embodiments, meanwhile, the unit 
circuits of the change pump were composed of diode- 50 
connected MOS transistors, but the same effects will be 
obtained if composed of ordinary diodes. 

Thus, by using the integrated high voltage generating 
system of this invention, since an intermediate potential 
between the output end potential and input end poten- 55 
tial is taken out from the intermediate node of the 
charge pump, there is no extra current consumption due 
to the dividing circuit, and the layput area is not to 
increased due to the dividing circuit, so that excellent 
effects may be obtained. 

We claim: 

1. An integrated high voltage generating system com- 
prising: 

a charge pump composed of plural unit circuits, each 
of said plural unit circuits having a capacitor and a 65 
diode element, wherein one end of said capacitor is 
connected to an input end of said diode element in 
each of said plural unit circuits, and wherein each 



a second MOS transistor having drain and source 
electrodes connected between the input end of any 
one of said plural unit circuits of said charge pump 
and said gate electrode of said first MOS transistor, 
and having a gate electrode connected to the input 
terminal of a unit circuit that is preceeding said any 
one of said plural unit circuits. 

5. An integrated high voltage generating system ac- 
cording to claim 4, further comprising: 

a smoothing capacitor connected between said gate 
electrode of said first MOS transistor and . a refer- 
ence potential point. 

6. An integrated high voltage generating system ac- 
^ cording to claim 1 further comprising: 

a voltage detection circuit connected to said first 
power supply output terminal of said charge pump 
in order to detect if the voltage of said fu^t power 
supply output terminal has exceeded a predeter- 
mined value; and 
means for maintaining the voltage of said first power 
supply output terminal of the charge pump at said 
predetermined value. 
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7. An integrated high voltage generating system ac- 
cording to claim 4, further comprising: 

a voltage detection circuit connected to said first 
power supply output terminal of said charge pump 
in order to detect if the voltage of said first power 
supply output terminal has exceeded a predeter- 
mined value; and 

means for maintaining the voltage of said first power 
supply output terminal of the charge pump at said 
predetermined value. 

8. Integrated high voltage generating system com- 
prising: 

first and second charge pumps individually composed 
of plural unit circuits, each of said plural unit cir- 
cuits having a capacitor and a diode element, 
wherein one end of said capacitor is connected to 
an input end of said diode element in each of said 
plural unit circuits, and wherein each of said plural 
unit circuits represents a stage of each charge 
pump, and wherein said plural unit circuits are 20 
uniformly arranged according to a polarity of said 
diode dements, and wherein an output end of said 
diode element of each preceding stage is sequen- 
tially connected to the input end of said diode ele- 
ment of each succeeding stage, whereby, when 25 
clock signals having mutually opposite phases are 
respectively applied to the other end of each capac- 
itor of adjacent said plural unit circuits, an electric 
charge stored in said capacitor of each preceding 
stage is sequentially transferred to said capacitor of 30 
each succeeding stage, thereby raising a voltage 
level on a stage by stage basis, and wherein said 
clock signals having mutually .opposite phases are 
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r^ectively supplied to said first and second 
charge pimips; 
a power supply input terminal connected to a first 
stage of said first and second charge pumps at the 
input end of said diode element of a first unit cir- 
cuit; . 

a first power supply output terminal connected to a 
final stage of said first and second charge pumps at 
the output end of said diode element of a final unit 
circuit; 

a second power supply output terminal; 
a first MOS transistor having drain and source elec- 
trodes respectively connected between said first 
and second power supply output terminals, and 
having a gate electrode connected to the input end 
of any one of the unit circuits of said first charge 
pump; and 

a second MOS transistor having drain and source 
electrodes respectively connected between said 
first and second power supply output terminals, 
and having a gate electrode connected to the input 
end of any one of the unit circuits of said second 
charge pump. 
9. An integrated high voltage generating system of 
claim 8, fiirther comprising: 
a voltage detection circuit connected to said first 
power supply output terminal in order to detect if 
the voltage of said first power supply output termi- 
nal has exceeded a predetermined value; and 
means for maintaining the voltage of said first power 
supply output terminal at said predetermined 
value. 

***** 
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[57] ABSTRACT 

An integrated, high speed, zero hold current and delay 
compensated charge pump operable at one of two dif- 
ferent selectable pumping currents. The charge pump 
includes first and second supply terminals, a first input 
terminal for receiving digital charge-up control signals, 
a second input terminal for receiving digital charge- 
down control signals, and an output terminal. A first, 
transistorized differential amplifier controls a first cur- 
rent fLow of a first polarity between the first supply 
terminal and the output terminal as a function of the 
charge-up control signals. A second differential ampli- ; 
fier controls a second current flow between the first and 
second supply terminals as a function of the charge- 
down control signals. A pump current mirror produces 
a mirrored second curroit flow of a second polarity 
between the output terminal and the second supply 
terminal as a function of the second current flow. 

15 Claims, 3 Drawing Sheets 
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rent will be output from the charge pump since the 
INTEGRATED, HIGH SPEED, ZERO HOLD switching is very symmetrical, being performed differ- . 

CURRENT AND DELAY COMPENSATED entially using NPN transistors 4-7. 

CHARGE PUMP In practice, however, the hold current is not zero 

5. when the charge pump is operated in its hold mode. A 
BACKGROUND OF THE INVENTION small amount of current will either flow to. or be drawn 

1. Field of the Invention ^« terminal of the charge pump. This can . 
The present invention relates to charge pump cir- be a problem when the charge pump is used to control 

cults. In particular, the present invention is an inte- a phase lock loop, smce it will lead to large amounts of 

grated, zero hold current and delay compensated steady-state error. Typically, the values of currents II 

charge pump. ^ trimmed so that when the pump is in a 

2. Description of the Prior Art . bold state, very little current comes from the output 
Charge pumps are commonly used circuits for con- terminal. The accuracy of this trimming operation can 

trolling current flow. Digitally controlled charge be to within plus or minus 0.1 percent. However, in 
pumps are often found in phase locked loops where they many applications this will not result in a low enough 
are used to control the sourcing of current into and hold current Additionally, as supply voltages VCC and 
sinking current from a filter coupled to the control input VEE vary, the hold current will get larger due to thie 
terminal of the voltage controlled oscillator. When mismatch of currents caused by the Early effect of the 
operated in its charge-up mode, the charge pump will transistors. This effect is unavoidable with this typie of . 
provide current tothefilterthereby increasing the volt- 20 pu^p. 

age on the Alter and the frequency of the voltage con- Other current switching circuits are also known. The 
trolled psdllator. When operated in its charge-down jadus et al. U.S. Pat No. 4,331,887 discloses current . 
mode,, tiie charge pump will draw, current from the switch driving circuitry for supplying current to an. 
filter, thereby decreasing its voltage and the frequency output terminal. The output terminal is connected be- 
of the voltage controlled oscillator. In its hold mode, 25 ^^^^ ^ driving transistor and a sinking transistor. The 
the charge pump is essentially isolated from the filter. driving and sinking transistors are coupled by logic 
With current being neither drawn from nor supplied to ^^^^ applied to an ON control terminal, and an OFF 
the filter, its voltage and therefore the frequency of the control terminal. When both the ON and OFF control 
voltage controUed oscillator are maintained at a steady ^ terminals are sWitched to a HIGH logic state, both 
. , . .« . ir 1 1. driving and sinking transistors are switched OFF, pre- 

.FIG. lis a schematic iflustrauon of a k^^ venting the output terminal from either sourcing or 

pump. The charge pump shown jn FIG. 1 mcludes ,^^l^^„ent The current wUl be sourced out of the 
current sources 1, 2, ^^^.^'^J ^^^^ output terminal when the ON control terminal is- 

pai«oftransistors4and5,and6a^^^^^ switched to a LOW logic state, and the OFF control 

ofthe same mgmtude are provi^^^^ 35 ^enninal is switched to a HIGli logic state. When the 

1-3. This prior art charge pmnp is operated m a charge- ^ ^^^^ 

up mode when logic HIGH, LOW charge-up signals Xx^r / • IIuI^ * uti-xj ^tot^ 

are applied to the UP and UPN termini ^d logic ^N. termmal is switched to a HIGH logic, state, the 
KlSSHcSge^^^^ sinking tnmsistoris^ 

and DNN termmals, respectively. Transistor 4 wiU be 40 ^^^h the output Jeraimal. 

turned ON and conduct current 12, while transistor 6 Hemibigner U.S^at No. 4,363,978 discloses a 

WiU be turned ON and conduct current 13. Since transis- tnstate dnver circmt The dnver mcludes an output 
tors 5 and 7 are turned OFF. current II is supplied or . dnver formed by two FETs having their source and 
sourced to output termmal Iq. When the logic states of dram termmals connected m series between a relatively 
the signals are reversed (i.e. logic LOW, HIGH charge- 45 Positive potential Vdd and a relatively negative poten- 
up signals are appHed to terminals UP and UPN, and tial V^s- An output termmal is connected between the 
logic HIGHi LOW charge-down signals aio appUed to two transistors. The output driver is controlled by two 
tenninals DN and DNN, respectively), transistors 4 and . NOR gates formed by several FETs, as well as by other 
6 are turned OFF whUe transistors 5 and 7 are turned FETs. A. buffer is driven to its float mode, or tnstated, 
ON. Both currents 12 and 13 will thereby be drawn 50 when the F terniinal and F(bar) termmal receive logic 1 
from the node joining current source 1 to the collectors and logic 0 signals, respectively. The transistors of the 
of transistors 5 and 7, while only current II is supplied output driver are then turned OFF.- 
to this node. Since the magnitude of currents II, 12, and The Takada U.S. Pat. No. 4,259,599 discloses a com- 
13 are equal, an additional current will be sinked or plementary transistor switching circuit. Either one or 
drawn from output terminal Iq. 55 the other of two complementary transistors is turned 

The charge pump shown in FIG. 1 is operated in its OFF regardless of the state of the drive transistor. The 
hold mode when the UP and UPN terminals receive other transistor will be turned ON. 
charge-up signals having logic LOW and HIGH states. The Backes et al. U.S. Pat No. 4,633, 106 discloses an 
while the charge-down signals have logic LOW and MOS bootstrap push-puD stage which uses a diode car 
HIGH states applied to the DN and DNN terminals,. 60 pacitor charge pump. 

respectively. Transistors 5 and 6 are turned OFF, while The Sud et al. U.S. Pat. No. 4,570,244 discloses a 
transistors 4. and 7 are switched ON by these signals. transistor capacitor charge pump which is turned ON 
Current II is thereby conducted through transistor 7, and OFF with clock pulses: 

while current 12 is conducted through transistor 4. In It is evident that there is a continuing need for im- 
. theory current will be neither sourced to nor sinked 65 proved charge pumps. A charge pump having a zero 
from output terminal lo since currents U and .12 are of hold current as well as symmetri«d switching charac- 
equal magnitude. When the charge-up and charge- teristics is desired. A charge pump, haying these charac- 
down control signals are synchronized in time, no cur- teristics which can operate at several different pumping 
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currents would also be useful. The circuit must of ent magnitudes, in response to the pumping current gain 

course be relatively simple if it is to be commercially control signals. The charge pump can thereby be selec- 

viable. tively operable at one of a plurality of different pumping 

cTTXyfiiyf APv TOT TMVTJMTTnv cuTTcnts. ContToUable delay circuit means coupled be- 

SUMMARY OF THE INVENTION 5 ^^p^^^ ^^^^ ^he output 

A digitally controlled charge pump in accordance terminal, and coupled to the pumping current gain con- 

with the present invention includes first and second trol terminal means delay response of the first current to 

supply terminals, first input terminal means for receiv- the first charge control signals by selected delay periods 

ing first digital charge control signals, second input equal to inherent delay periods of the pump current 

terminal means for receiving second digital charge con- 10 mirror means, in response to the gain control signals, 

trol signals, and an output terminal. First differential odtcc TMrci-DTTyrrrkM nxr tttc r^o a wtmi-c 

means coupled to the first input terminal means control DESCRIPTION OF THE DRAWINGS 

a first current flow of a first polarity between the first FIG. 1 is a schematic illustration of a prior art digi- 

supply terminal and the output terminal as a function of tally controlled charge pump, 

the first input signal. Second differential means coupled 15 FIG. 2 is a schematic illustration of a high speed, zero 

to the second input terminal means control a second hold current charge pump in accordance with the pres- 

current flow between the first and second supply termi- ent invention. 

nals as a function of the second input signal. Pump FIG. 3 is a schematic illustration of a high speed, zero 

current mirror means coupled to the second differential hold current and delay compensated charge pump m 

means and between the output terminal and the second 20 accordance with the present invention, which can oper- 

supply terminal control a mirrored second current flow ate at one of two different pumping currents, 

of a second polarity between the output terminal and DETAILED DESCRIPTION OF THE 

™t ^^^^^ ^'"^"^ " ' ""^J^reSSD eX^ 

In response to first and second charge control signals 25 A first embodiment to the present invention, inte- 
causing the charge pump to operate in a first (e.g. grated, high speed, zero hold current charge pump 10, 
charge-up) mode, the first differential means permits a is schematicaUy illustrated in FIG. 2. Charge pump 10 
first current having a first polarity to flow between the includes first or charge-up input circuit 12, second or 
firs supply terminal and the output tenninal. The second charge-down input circuit 14, first or charge-up differ- 
differential means causes the pump current mirror 30 ential amplifier 16, second or charge-down differential 
means to prohibit the flow of current between the out- amplifier 18, and pump current mirror 20, all of which 
put terminal and second supply terminal. In response to are interconnected between a first supply tenninal 22 
first and second digital charge control signals causing and a second supply terminal 24. Supply terminal 22 is 
the charge pump to operate in a second (e.g. charge- connected to receive a relatively positive supply poten- 
down) mode, the first differential means prohibits the 3S tial VDDt while supply terminal 24 is connected to re- 
first current flow between the first supply terminal and ceive a relatively negative supply potential VEE. 
the output terminal, while the second differential means Charge-up input circuit 12 is connected to receive com- 
causes the mirrored second current having the second plementary digital charge-up control signals UP and 
polarity to flow between the output terminal and the UPN through charge-up input terminals 26 and 28. 
second supply terminal. In response to first and second 40 Charge-down input circuit 14 is connected to receive 
digital charge control signals causing the charge pump digital charge-down control signals DN and DNN over 
to operate in a third (e.g. hold) mode, the first differen- charge-down input terminals 30 and 32. An output ter- 
tial means prohibits the first current flow between the minal 34 is connected between charge-up differential 
first supply terminal and the output terminal, and the amplifier 16 and current mirror 20. 
second differential means prohibits the mirrored second 45 Charge^up input circuit 12 is formed by PNP bipolar 
current flow between the output terminal and second transistors Ql and Q2, diodes Dl and D2, and current 
supply terminal. The charge pump thereby has a zero sources 36 and 38. The base of transistor Ql is con- 
hold current when operated in its hold mode. nected to input terminal 28, while the base of transistor 

The pump current mirror means is characterized by Q2 is connected to input terminal 26. The collectors of 
an inherent delay period. In preferred embodunents, the 50 transistors Ql and Q2 are both coupled to second sup- 
charge pump also includes delay circuit means coupled ply terminal 24. The emitter of transistor Ql is con- 
between the first input terminal means and the output nected to the cathode of diode Dl, while the emitter of 
terminal, for delaying response of the first current to the transistor Q2 is connected to the cathode of diode D2. 
first charge control signals by a delay period equal to Current sources 36 and 38 are connected between first 
the delay period inherent in the pump current mirror 55 supply terminal 22 and the anode of diodes Dl and D2, 
means. Charge-up and charge-down pumping can respectively. Current sources 36 and 38 provide cur- 
thereby be symmetrically performed, rents U and 12, respectively. In one embodiment, cur- 

In still other embodiments, the charge pump includes rents II and 12 are both one milliampere in magnitude, 
gain control terminal means for receiving pumping gain Charge-up differential amplifier 16 is formed by PNP 
control signals. Pumping gain control circuit means 60 transistors Q3 and Q4, and current source 40. Current 
coupled between the pumping current gain control source 40 is connected between first supply terminal 22 
terminal means and a first current source means of the and the emitters of transistors Q3 and Q4. The collector 
first differential means and a second current source of transistor Q3 is connected to output terminal 34, 
means of the second differential means cause the first while the collector of transistor Q4 is connected to 
current source means to produce a first current flow 65 second supply terminal 24. The bases of transistors Q3 
having one of a plurality of different magnitudes, and and Q4 function as an input to amplifier 16, and are 
cause the second current source means to produce a connected to receive a differential signal present be- 
second current flow having one of a plurality of differ- tween the anodes of diodes D2 and Dl, respectively. 
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Current source 40 provides a two milliampere current down input signals are reversed. UP and UPN signals 

in one embodiment . having logic LOW and HIGH states are applied to 

Current mirrbr 20 is formed by NPN transistors Q5 terminals 28 and 26, respectively, while signals DN and 

and Q6, and resistors Rl and R2. Resistor Rl is con- DNN having logic HIGH and LOW states are applied 

. liected between second supply terminal 24 and the emit- S to terminals 30 and 32, respectively. In response to these 

ter of transistor Q5. The collector of transistor Q5 is signals, charge-up. input circuitry 12 provides a differen- 

coupled to output terminal 34. The base of transistor Q5 tial si^ial to charge-up differential amplifier 16 which 

is connected to the base . and collector of transistor Q6. forces the base of traxiisistor Q3 to a rdatively positive 

The emitter of . transistor Q6 is connected to second potential with respect to the potential applied to the 

. supply terminal 24 through resistor R2. 10 base of transistor Q4. Transistor Q4 is thereby turned 

. Charge-down differential amplifier 18 is formed by . ON and shunts current 13 to second supply terminal 24, 

PNP transistors Q7 and Q8, and current source 42. while transistor Q3 is turned OFF. Output terminal 34 is 

Current source 42 is. connected between first supply thereby electrically isolated from first supply terminal 

terminal 22 and the emitters oftriansistorsQ? and Q8. In 22. 

preferred embodiments, current source 42 produces a 15 response to the charge-down input signals, charge 

current 14 of two milliamperes. The coUector of transis- j|q^ i^p^^ circuitry 14 provides a differential signal 

tor Q7 is connected to the collector of transistor Q6 of causing the base of transistor Q7 to be at a relatively 

current mirror 20. The coUector of transistor Q8 is negative potential compared to the potential at the base 

connected to the second supply terminal 24. T^e bases transistor Q8. Transistor Q8 is thereby switched 

of transistors Q7 arid Q8fimction as an mputt^ 20 ^pp^ transistor Q7 is switohed ON. Current 14 

tial amplifier 18, and are a)nnected to receive a differ- ^^^^^ ^ ^^^^^ 42 thereby flows through 

entjal signal from charge-down mputcir^^^^ transistor Q7,. and transistor Q6 of current mirror 20. 

Charge-down mput circuit 1^^ Current, mirror 20 mirrors current 14, and produces a 

lar transistors Q9 and QlO^diodes 03 and D4, and n^rror current 14' through transistor Q5. Th^ current is 

""i^.r"' ^ "^1^7^^ ''''^i^''''^ of transistor 25 ^ ^^ar ^^^^ pumping current which is sinked from 

Q9 and QIO are connected to second supply terminal 24 J,^^ ^4 f^^^ ^ ^ ^^^^ 1^^) 

The bases of transistors Q9 and QIO are connected to ™^lv notential 24 *~ j/ . 

input terminals 30 and 32, respectively. Transistor Q9 suppiy po e . uju - 

hi its emitter comiected to^cathodetf }^'^^ ^'f'lf embodunent described above in 

while the emitter of transistor QIO is comiected to the 30 ^^^^^ ^"^^^^ ^^'^ miUiamperes both 

cathode of diode D4. Current «)urce 44 is comiected charge-up and charge-down pumpmg currente can 

between first supply terminal 22 and the anode of diode two nulhamperes m magmtude. To operate charge 

D3; Current source 46 is comiected between first supply P«°?P "? »^ ij^^ mode, mput signals IJP and UPN 

terminal 22 and the anode of diode D4. The anode of Jf^^^^i^?!^^ ^? Jf.^^^'SP"^^^^^^ 

diode D3 is also comiected to the base of transistor Q8, 35 DN . and DNN havmg logic LOW and HIGH sm^^ are 

while the anode of diode D4 is connected to the base of app ied to mput termma^ 28, 26 30 and 32, respec-- 

transistor 07 tively. The response of charge-up differential amplifier 

To operate charge pump 10 in its charge-up mode, charge-down differential amplifier 18 to these 
UP and UPN signals having logic HIGH and LO states i°P^t signals is identical to that described above. Tran- 
are appUed to input termmals 28.and 26, respectively. 40 sistor Q3 is switohed OFF isolating output terminal 34 
DN and DNN signals having logic LOW and HIGH supply termmal 22. Transistor Q7 is also 
states are simultaneously appUed to input terminals 30 switohed OFF, thereby causmg transistor Q5 to be . 
and 32, respectively. Input circuits 12 and 14 shift the turned OFF and isolatmg output terminal 34 fronj sec- 
level of the input signals and provide differential con- ond supply terminal 24. Since teansistors Q3 mid Q5 we 
trol- signals to their respective chargerup differential 45 OFF, the hold current is inherently zero. The only 
amplifier 16 and charge-down differential amplifier 18. current flowing from output terminal 34 wiU be the 
The potential applied to the base of transistor Q3 will leakage current of transistor Q3, which is extremely 
therefore be at a relatively negative value compared to small. The output impedance of transistors Q3 and Q5 in 
the pbteritial applied to the base of transistor Q4, caus- their OFF state is extremely high, so the effect of Early 
ing transistor Q3 to be switohed ON, and transistor Q4 50 voltages is negligible. 

to be switched OFF. As a result, current 13 provided by . Since ciirrent mirror 20 is used between charge-down 

current source 40 flows through transistor Q3. differential amplifier 18 and output terminal 34, switch- 

During this period the differential signal provided by i^g delay between charge-down input terminals 30 and 

charge-down input circuit 14 is such that a relatively 32 and output terminal 34 can be greater than that be- 

negative potential is applied to the base of transistor Q8, 55 tween charge-up input teirminals 26 and 28 and the out- 

as compared to the potential applied to the base of tran- put terminal, this switching delay is due to . the finite 

sistor Q7. Transistor Q8 is thereby switched ON while propagation delay of current mirror 20, which is fabri- 

transistor Q7 is switched OFF, causing current 14 from cated of NPN transistors. If this delay is not compen- 

current source 42 to flow through transistor Q8; Since sated, charge pump 10 may generate steady-state error 

no current is flowing through transistor Q7, transistor 60 when used in a phase lock loop. 

Q5 of current mirror 20 will be switched to its OFF Charge pump.50, a second embodiment of the present 

state, effectively isolating output terminal 34 from sec- invention, is schematically illustrated in FIG. 3. Charge 

ond supply terminal 24. Current 13 flowing through pump 50 includes delay circuitry for compensating for 

transistor Q3 thereby functions as a charge-up pumping the difference in delay between the charge-up and 

current which is sourced to and flows out output termi- 65 charge-down current paths created by the asymmetrical 

nal 34 (i.e. has a first polarity). . use of current mirrors. Furthermore, charge pump 50 is 

To.operate charge pump 10 in its charge-down mode, capable of operating at two different and. selectable 

logic states of the charge-up input signals and charge- pumping currents. , 
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Charge pump SO includes charge-up input circuit 52, 
charge-down input circuit 54, charge-up differential 
amplifier 56, charge-down differential amplifier 58, 
pump current mirror 60 and selectable delay circuit 62, 
all of which are coupled between a first supply terminal 5 
64 and a second supply terminal 66. Supply terminal 64 
is connected to receive a first supply potential V12, 
while second supply terminal 66 is connected to receive 
a second supply potential VNl. Digital charge-up con- 
trol signals U and UN are applied to charge-up input 10 
circuit 52 through terminals 68 and 70, respectively. 
Digital charge-down control signals DN and DNN are 
applied to charge-down input circuit 54 through termi- 
nals 72 and 74, respectively. Output terminal 76 is con- 
nected between current minor 60 and charge-up differ- 15 
ential amplifier 56. 

Charge-up input circuit 52 includes NPN bipolar 
transistors Q20 and Q21 and resistors R4 and R5. The 
emitter of transistors Q20 and Q21 are coupled to re- 
ceive a second bias potential BIAS2 from terminal 80. 20 
The base of transistor Q20 is connected to receive the U 
input signal from terminal 68, while the base of transis- 
tor Q21 is connected to receive the UN input signal 
from terminal 70. Resistor R4 couples the collector of 
transistor Q20 to supply terminal 64. Resistor R5 cou- 2S 
pies the collector of transistor Q21 to supply terminal 
64. 

Delay circuit 62 includes NPN transistors Q22, Q23, 
Q24, and Q25, resistors R6 and R7, capacitor CI and 
diodes D6, D7, D8, and D9. Transistors Q24 and Q25 30 
have their bases interconnected. The emitter of transis- 
tor Q24 is coupled to supply terminal 66 through resis- 
tor R6. The emitter of transistor Q25 is coupled to ter- 
minal 66 through resistor R7. The collector of transistor 
Q24 is connected to a first terminal of capacitor CI and 35 
to a cathode of diode DS. The collector of transistor 
Q25 is connected to a second terminal of capacitor CI, 
and to a cathode of diode D9. The anode of diode D8 is 
coupled to the cathode of diode D6, while the anode of 
diode D9 is coupled to the cathode of diode b7. Tran- 40 
sistor Q22 has its collector connected to supply terminal 
64 and its emitter connected to the anode of diode D6. 
Transistor Q23 has its collector connected to supply 
terminal 64 and its emitter connected to the anode of 
diode D7. The base of transistor Q22 is coupled to 45 
charge-up input circuitry 52 at the collector of transis- 
tor Q21, whUe the base of transistor Q23 is coupled to 
the charge-up input circuit at the collector of transistor 
Q20. 

Charge-down input circuit 54 includes NPN bipolar 50 
transistors Q26 and Q27, resistors R8 and R9, and di- 
odes DIO, Dll, and D12. The emitters of transistors 
Q26 and Q27 are connected to receive a first bias poten- 
tial BIASl from terminal S2. The base of transistor Q26 
is connected to receive the DNN input signal from 55 
input terminal 74, while the base of transistor Q27 is 
connected to receive the DN signal from terminal 72. 
Diodes DlO-Dll are connected in series between sup- 
ply terminal 64 and a first terminal of resistors R8 and 
R9. A second terminal of resistor R8 is connected to a 60 
collector of transistor Q26, while a second terminal of 
resistor R9 is connected to a collector of transistor Q27. 

Charge-up differential amplifier 56 is formed by PNP 
bipolar transistors Q28, Q29, Q30, and Q31 and resistors 
RIO and Rll. The emitters of transistors Q30 and Q31 65 
are connected together and to the collectors of transis- 
tors Q28 and Q29. The bases of transistors Q30 and Q31 
are connected to the cathodes of diodes D9 and DS, 
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respectively, to receive a differential input signal. The 
collector of transistor Q30 is connected to output termi- 
nal 76, while the collector of transistor Q31 is connected 
to second supply terminal 66. The emitter of transistor 
Q28 is connected to first supply terminal 64 through 
resistor RIO, while the emitter of transistor Q29 is con- 
nected to the first supply terminal through resistor Rll. 

Charge-down differential amplifier 58 includes PNP 
bipolar transistors Q32, Q33, Q34, and Q35 and resistors 
R12 and R13. The collector of transistor Q34 is coupled 
to current minor 60, while the collector of transistor 
Q35 is coupled to second supply terminal 66. The bases 
of transistors Q34 and Q35 receive a differential signal 
from charge-down input circuit 54, the base of transis- 
tor Q34 being coupled to the collector of transistor Q27, 
and the base of transistor Q35 being coupled to the 
collector of transistor Q26. The emitters of transistors 
Q34 and Q35 are coupled together and to the collectors 
of transistors Q32 and Q33. First supply terminal 64 is 
coupled to the emitter of transistor Q32 through resistor 
R12, while the first supply terminal is coupled to the 
emitter of transistor Q33 through resistor R13. 

Current mirror 60 is formed by NPN bipolar transis- 
tors Q36 and 037 and resistors R14 and R15. The collec- 
tor of transistor Q36 is connected to output terminal 76. 
Second supply terminal 66 is coupled to the emitter of 
transistor Q36 through resistor R14. Second supply 
terminal 66 is coupled to the emitter of transistor Q37 
through resistor R15. The base and collector of transis- 
tor Q37 are connected to the collector of transistor Q34, 
and to the base of transistor Q36. 

Charge pump 50 can operate at two different and 
independently selectable pumping currents. This opera- 
tion is facilitated by the use of two different current 
sources in each of charge-up differential amplifier 56 
and charge-down differential amplifier 58. Transistors 
Q28 and Q32 function as current sources in conjunction 
with current mirror circuitry yet to be described and 
provide a first gain charge-up current IGIU and a first 
gain charge-down current IGID, respectively, when 
selected. Transistors Q29 and Q33 function as current 
sources in conjunction with still other current mirror 
circuitry yet to be described and provide a second gain 
charge-up current IG2U and a second gain charge- 
down current IG2D to charge-up differential amplifier 
56 and charge-down differential amplifier 58, respec- 
tively. 

The delay inherent within current mirror 60 is func- 
tionally related to the magnitude of the selected charge- 
down current IGID or IG2D provided through 
charge-down differential amplifier 58. The delay of 
delay circuitry 62 which is used to compensate for the 
delay of current mirror 60 must therefore be selected as 
a function of the selected pumping current Accord- 
ingly, transistors Q24 and Q25 function as current 
sources in conjunction with current mirror circuitry yet 
to be described and produce a delay current ID" having 
one of two magnitudes which cause the delay imposed 
by delay stage 62 to correspond to the delay of current 
mirror 60 with the selected pumping current. 

To perform the pumping current gain and associated 
delay selection, charge pump 50 includes a pumping 
gain control current multiplexer 88 and a delay control 
current multiplexer 90. Multiplexer 88 is formed by a 
first emitter coupled pair of NPN bipolar transistors 
Q40 and Q41, and a second emitter coupled pair of 
NPN bipolar transistors Q42 and Q43. multiplexer 88 
also includes NPN bipolar transistors Q44 and Q45 and 
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resistors R16^R17. The bases of transistors Q40 and Q43 86 and 84, respectively. The collector of transistor. Q51 
are connected to receive gain control signals GN on is connected to first supply terminal 64. The base of 
terminal 84. The bases of transistors Q41 and Q42 are transistor Q53 is connected to receive the second cur- 
connected to receive gain control signals GNN on ter- rent source bias potential CURS2, while the emitter of 
minal 86. The emitters of transistors Q40 and Q41 are 5 this transistor is coupled to second supply terminal 66 
coupled to the collector of transistor Q44. The collector through resistor R21. 

of transistor Q41 is coupled to supply terminal 64. The Delay control current multiplexer 90 is coupled to 
emitter, of transistor Q44 is connected to second supply transistors Q24 and Q25 of delay circuit 62 by means of 
terminal 66 through resistor R16. The base of transistor . delay control current mirror 96. Current mirror 96 
Q44 is connected to receive a bias potential VAHG. 10 includes transistors Q54, Q55, and Q56, and resistors 
transistor Q44 and resistor. R16 fuiiction as a current r22, R23, and R24. The collector and base of transistor 
source, and prbdiice a first or hijgh gain control current Q54 is connected to the collector of transistor Q48, 
IGl. The emitters of transistors Q42 and Q43 are cou- while the emitter of this transistor is connected to first 
pled to the collector of transistor Q45. The collector of supply terminal 64 through resistor R22. The collector 
transistor Q43 is connected to supply terminal 64. The 15 Qf transistor Q55 is coupled to the collector and base of 
emitter of transistor Q45 is connected to second supply transistor Q56. The base of transistor Q55 is connected 
terminal 66 through reastor R17. The base of transistor transistor Q54. The emitter of transistor 
Q4S is connected to receive a second bias voltage Q53 connected to first supply terminal 64 through 
VALG. Transistor Q45 and resistor R17 fimction as a ^.^^^^^ ^ ^^^^^j, transistor Q56 is connected 
current source and generate a second or low gam con- 20 g^^^j g^ppjy terminal 66 through resistor R24. The 
trol current IG2: base oftransistorQ54 is connected to the base of transis- 
: Transistor Q40 of multiplexer 88 is coupled to transis- ^nd Q25 of delay circuit 62. 
tors Q28 and Q32 ofj^harge-up different^ amplifier 56 ^he current source formed by transistor Q44 and 
andcharge^iowndifierentialanriphfierSS^respecU^^ resistor R16 is configured to produce a first gain pump- 
by m^ of first gm current n^^^ 25 ing control current IGl. The current source formed by 
92.1S formed by PNF bipolar transistor ^40 tr^sistor 045 and resistor R17 is confieured to produce 
zen« diode^pU and reastor R18 The coUector of ^^^^^^ ^^^^^ In one 
ttansBtor Q46 b coupled to. Ae.coU«tor of tra^^^ Embodiment, second gain pumping control 
Q40 and to^e base of ttwmstor Q47. THe «™tt«;^ ^^^^t ti^es greater than first gain 

through resistor R18. J'^.^^^QJ^ »ias .^^^^'^^^^^ formed by transistor Q52 and resistor R20 is configured 
connected to the cathode of diode D14, while the anode . / ^ • j i * i * tt>< 

of the diode is connected to second supply terminal 66. ^ provide a first gam dday controUurn^t IDl wta^^ 
ThebaseoftransistorQ46isconnectedtotheemitterof Recurrent source fom^bytramistorQM and r«^^^^ 
transistorQ47ai.d to debases 6f transistors Q28 and 35 R21 configured to produce a second gam delay con- 

*^ol current ID2. 

• .^Transistor Q42 of the second emitter coupled pair of ^ When it is desired to operate charge pump 50 vatKHs 
multiplexer 88 is coupled to . transistors Q29 and Q33 of high gam pumpmg current^ GN and GNN 

charge-up differentia amplifier 56 and charge-down nals having logic HIGH and LOW logic states are ap- 
differential amplifier 58, r^pectively, by meant of sec- 40 P^f ^ terminals 84 and 86 respectively. Current muk 
ond gain current mirror 94. Current mirror 94 includes tiplexer 88 thereby select first gam pumpmg control 
PNP transistors Q60 and Q61, zener diode D15 and current IGl ^mce tomsistor Q40^wd^^ 
resistor R19. The collector of transistor Q60 is coupled while transfer Q42 will be tunied OFF Current IGl 
to the collector of transistor Q42 and to the base of will flow through transistors Q46 and Q^, and^ mir- 
transistor Q61. The emitter of transistor Q60 is con- 45 ^red mto client source transistors Q28 and Q32 of . 
nected to first supply terminal 64' through resistor R19. charge-up differential amphfier 56 and chargeKiown 
The collector of trahsistor Q61 is connected to the cath- differential amplifier 58, respectively. First gain charge- 
ode of diode D15 whUe the anode of the diode is con- up current IGIU and first gam charge-down current 
nected to second supply terminal 66..The base of tran- ^^ID are thereby produced as a function of current 
sistor Q60 and emitter of transistor Q61 are connected 50 and preferably have the same magmtude. 
to the bases of transistors Q29 and Q33. Delay current multiplexer 90 simultaneously selects 

Delay control current multiplexer 90 includes a first first gain delay control current IDl since transistor Q48 
emitter coupled pair of transistors Q48 and Q49, a sec- is turned ON, and. transistor Q50 is turned OFF, Cur- 
ohd emitter coupled pair of transistors Q50 and Q51, rent IDl will flow through transistors Q55 and Q56, is 
and a pair of current sources formed by transistors Q52, 55 mirrored into transistors Q53 and Q54 as delay current 
Q53, and resistors R20 and R2i: The emitters of transis- and is from there mirrored into current source 

tors Q48 and Q49 are coupled to the coUector of transis- transistors Q24 and Q25 which produce delay currents 
tor Q52: The bases of transistors Q48 and Q49 are con- ID". Currents ID" are thereby provided as a function of 
nected tp receive the GN and GNN gain control signals current IDl. Characteristics of transistor Q52 and resis- 
applied to terminals 84 and 86, respectively. The base of 60 tor R20 which form the current source, and/or the. 
transistor Q52 is connected to' receive a current source various resistors and transistors of current mirror 96, are 
bias voltage CURS2, while the emitter of this trjansistor selected to produce currents ID" of a naagnitude which 
is couplied to second supply terminal 66 through resistor will cause delay circuit 62 to delay switching response 
R20. of charge-up differential amplifier 56 in response to 

The emitters of transistors Q50 and Q51 are con- 65 charge-up control signals applied to charge-up input 
nected to the collector of transistor Q53. The bases of circuit 52 by a time delay corresponding to the inherent 
transistors Q50 and Q51 are connected to receive the delay in current mirror 60 when operating with first 
GNN and GN gain control signals applied to terminals gain charge-down current IGID* 
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Should it be desired to operate charge pump 50 with 
its second gain pumping current, GN and GNN signals 
having logic LOW and HIGH states, respectively, are 
applied to terminals 84 and 86. Gain current multiplexer 
thereby selects second gain control current IG2 since 5 
transistor Q40 is switched OFF, and transistor Q42 is 
switched ON. Current IG2 flows through transistors 
Q60 and Q42, and is mirrored by current mirror 94 into 
transistors Q29 and Q33 of charge-up differential ampli- 
fier 56 and charge-down differential amplifier 58, re- 10 
spectively. Second gain charge-up pumping current 
IG2U and second gain charge-down pumping current 
IG2D are thereby applied to differential amplifiers 56 
and 58, respectively, as a function of second gain con- 
trol current IG2. 15 

Concurrently, delay current multiplexer 90 will select 
second gain delay control current ED2 since transistor 
QS is switched OFF, and transistor QSO is switched 
ON. Current ID2 will flow through transistors Q54 and 
QSO, be mirrored into transistors Q55 and Q56 as delay 20 
current ID', and is from there mirrored into current 
source transistors Q24 and Q25. Transistors Q24 and 
Q25 will product currents ID" as a function of current 
ID2 so as to have a magnitude which causes delay cir- 
cuit 62 to impose a delay between the switching of 25 
charge-up control signals UN and UNN and charge-up 
differential amplifier 56 which corresponds to the delay 
of current mirror 60 when operating with second gain 
charge-down current IG2D. 

Having selected the desired pumping current or gain 30 
and its associated charge-up switching delay in the 
manner described above, charge pump 50 operates in a 
manner similar to that of charge pump 10 already de- 
scribed. Charge pump 50 operates in a charge-up mode 
sourcing either first gain charge-up current IGIU or 35 
second gain charge-up current IG2U to terminal 76 
when charge-up signals U and UN have logic HIGH 
and LOW states, respectively, and charge-down con- 
trol signals DN and DNN have logic LOW, and HIGH 
states, respectively. Charge pump 50 operates in its 40 
charge-down mode sinking one of either charge-down 
current IGID' or IG2D' from output terminal 76 when 
control signals U and UN have logic LOW, HIGH 
states and control signals DN and DNN have logic 
HIGH, LOW states, respectively. When charge-up 45 
control signals U and UN have logic LOW, HIGH 
states and charge-down control signals DN and DNN 
have logic LOW, HIGH states, respectively, charge 
piunp 50 is operated in its hold mode with both transis- 
tors QSO and Q36 switched OFF. Output terminal 76 is 50 
thereby isolated from supply terminals 64 and 66. 

The delay exhibited by delay circuitry 62 can be 
externally adjusted through the application of DADJH 
and DADJL signals applied to terminals 100 and 102, 
respectively- Terminal 100 is coupled to the emitter of 55 
transistor Q52, while terminal 102 is coupled to the 
emitter of transistor Q53. Signals DADJH and DAJDJL 
are used to adjust the magnitude of currents IDl and 
ID2, and therefore the magnitude of currents ID" and 
the delay of delay circuit 62. 60 

External signals G ADJL and GADJH can be applied 
to the emitters of transistors Q32 and Q33 through ter- 
minals 104 and 106, respectively. Signals GADJL and 
GADJH are used to adjust the magnitude of currents 
IGIDN and IG2D, and thereby the cancellation of the 65 
pump-up and pump-down currents at output terminal 
76 when charge pump 50 is trying to pump up and down 
at the same time. This cancellation is generally of mini- 



mal unportance since the period of time that this situa- 
tion occurs is typically very short. 

Although the present invention has been described 
with reference to the preferred embodiments, those 
skilled in the art will realize that changes may be made 
in form and detail without departing from the spirit and 
scope of the invention. 

What is claimed is: 

1. A digitally controlled charge pump, including: 
first and second supply terminals; 

first input terminal means for receiving first digital 

charge control signals; 
second input terminal means for receiving second 

digital charge control signals; 
an output terminal; 

first transistorized differential amplifier means includ- 
ing first control input terminal means coupled to 
the first input terminal means and second and third 
terminal means defining a first main current flow 
path and coupled between the flrst supply terminal 
and the output terminal, for controlling a flrst cur- 
rent flow of a first polarity between the flrst supply 
terminal and the output terminal through the first 
main current flow path as a function of the first 
control signals; 
second transistorized differential amplifier means 
- including a flrst control input terminal means cou- 
pled to the second input terminal means and second 
and third terminal means deflning a second main 
current flow path and coupled between the first 
and second supply terminals, for controlling a sec- 
ond current flow between the flrst and second 
supply terminals through the second main current 
flow path as a function of the second control sig- 
nals; and 

transistorized pump current mirror means including 
first and second terminal means connected in series 
with the record main current flow path of the sec- 
ond differential means and third and fourth termi- 
nal means coupled between the output terminal and 
the second supply terminal, for producing and 
controlling a mirrored second current flow of a 
second polarity between the output terminal and 
the second supply terminal as a function of the 
second current flow. 

2. The charge pump of claim 1 wherein: 

the flrst differential amplifler means includes first 
current source means coupled between the flrst 
supply terminal and the output terminal, for pro- 
ducing the first current flow; and 

the second differential amplifler means includes sec- 
ond current source means coupled between the 
flrst and second supply terminals, for producing 
the second current flow. 

3. The charge pump of claim 2 wherein: 

the flrst differential amplifler means includes: 
a flrst transistor having flrst and second terminals 
connected in series with the flrst current source 
means and between the flrst supply terminal and 
the output terminal, and a control terminal cou- 
pled to the first input terminal means; and 
a second transistor having first and second termi- 
nals coupled in series with the first current 
source means and between the first and second 
supply terminal means, and a control terminal 
coupled to the first input terminal means; and 

the second differential means includes: 
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. a third, transistor having first and second terminals 
coupled in series with the second current source 
. means and between the first and second supply 
terminals, and a control .terminal coupled to the 
second input terminal means; and ^ 
a fourth transistor having. first and second terminals 
coupled in series with the second current source 
. . means and between the first and second supply 
terminals, and a control terminal coupled to the 
second input termiioal means. . . 

4. The charge pump of claim 3 wherein the pump 
current mirror means includes: ' . 

. a fifth transistor having first and second terminals 
coupled in series with the first and second terminals 
'\ of. the third transistor and between the first and 
second supply terminals, and a control terminal; 
and 

a sixth transistor having first and second terminals 
coupled between the output terminal and the sec- 
ond supply terminal, and a control terminal cou- 
pled to tiie control terminal of the fifth transistor. 

5. The charge pump of claim 4 wherein the pump 
current mirror means further includes: 

a first resistor coupled between the first or second 
terminal of .the fifth transistor and the second sup- 
ply terminal; iwd 

a second resistor coupled between the first or second 
terminal of the sixth transistor and the second sup- 
ply terminal. 30 
. 6. The charge pump of claim 4 wherein: 

the first and second transistors of the first differential 
means and the third and fourth transistors of the 
second differential means are transistors of a first 
conductivity type; and . . 35 

the fifth and sixth transistors of the punip current 
mirror means are traxisistors of a second conductiv- 
ity type. . 

7. The charge pump of claim 6 wherein: 

the first, second, third and fourth transistors are PNP 40 
bipolar transistors; and 

the fifth and sixth transistors are NPN bipolar transis- 
tors. . 

8. The charge pump of claim 2 and further including: 
pumping current gain control terminal means for 45 

receiving pumping current gain control signals; . 
and 

• pumping current gain control transistorized circuit 
means coupled between the pumping current gain 
control terminal means and the first and second 50 
current source meaiis, for causing the first current 
source means to produce a first current flow hav- 
ing one of a plurality of different magnitudes, and 
for causing the second current source means to 
produce a . second current flow having one of a 55 
plurality of different magnitudes, in response to the 
pumping current gain control signals, 
. 9. The charge pump of claim 8 wherein: 
. the pump current mirror means is characterized by 
inherent delay periods functionally related to the 60 
. magnitude of the second current flow; and 
the charge pump fu^her includes controllable delay 
circuit means coupled between the first input ter- 
minal means and the output terminal, and coupled 
to the pumping current gain control terminal 65 
means, for delaying response of the first current 
. flow , to the first charge control signals by delay 
periods equal to the inherent , delay periods of the 



pump current mirror means; in response to the gain 
control signals. 

10. The charge pump of claim 9 wherein the pumping 
current gain control circuit means includes: 

first, gain control current source means for producing 
a first gain control current having a first magni- 
tude; 

second gain control current source means for produc- 
ing a second gain control current having a second 
magnitude; 

: gain control current multiplexer means coupled. to 
the gain control terminal means and to the first and 
second gain control current source . means, for se- 
lecting one of the first and second gain control 
currents as a function of the gain control signals; 
and 

gain control current mirror means coupled between 
the gain control current multiplexer means and the 
first and second current source means, for mirror- 
ing the selected gain control current to the first and 
second current source means and causing the mag- 
nitude of the first and second currents to be pro- 
duced as a function of the magnitude of the se- 
lected gain control current. 

11. The charge pump of claim 10 wherein: 

the first current source means of the first differential 

amplifier means includes: 

a fiirst gain first current source; and ' 

a second gain first current source; 
the second current source means includes: 

a first gain second current source; and 

a second gain second current source; and 
the gain control current mirror means includes: 

a first gain current mirror coupled to the gain con- 
trol current multiplexer means, thie first gain first 
current soiu^ce and the first gain second current 
source, for mirroring the first gain control cur- 
rent to the first gain first current source and to 
the first gain second current source when the 
first gain control current is selected by the gain 
control current multiplexer means; land 

a second gain current mirror coupled to the gain 
control current multiplexer nieans, the second 
gain first current source and the second gain 
second current source, for mirroring the second 
gain control current to the second gain first cur- 
rent source and to the second gain second cur- 
rent source when the second gain control cur- 
rent is selected by the gain control current multi- 
plexer means. 

12. The charge pump of claim 9 wherein the. control- 
lable delay circuit means includes: 

a current responsive delay circuit coupled between 
the first input terminal means and the first differen- 
tial means, and including a delay circuit current . 
source; 

first delay control current source means for produc- 
ing a first delay control current having a first mag- 
nitude; 

second delay control current source means for pro- 
ducing a second delay control current having a 
. second magnitude; 

delay control current multiplexer means coupled to 
the gain control terminal means ^d to the first and 
second delay control current source means, for 
selecting one of the first and second . delay control 
currents as a function of the gain control signals; 
and 



delay control mirror means for mirroring the selected 
delay control current to the delay circuit current 
source and causing the magnitude of the current 
produced by the delay current source to be pro* ^ 
duced as a function of the magnitude of the se- 
lected delay control current. 

13. The charge pump of claim 1 and further includ- 
ing: 

first transistorized input circuit means coupled be- 10 
tween the first input terminal means and the first 
control input terminal means of the first differential 
amplifier means, for level shifting the first digital 
charge control signals; and j3 

second transistorized input circuit means coupled 
between the second input terminal means and the 
first control input terminal means of the second 
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differential ampUfier means, for level shifting the 
second digital charge control signals. 

14. The charge pump of claim 1 wherein: 

the pump current mirror means is characterized by an 
iiiherent delay period, between the response of the 
mirrored second current flow to the second current 
flow; and 

the charge pump further includes delay circuit means 
coupled between the first input terminal means and 
the output terminal, for delaying the response of 
the first current flow to the first charge control 
signals by a delay period equal to the inherent 
delay period of the pump current mirror means. 

15. The charge pump of claim 14 wherein the delay 
circuit means includes circuit means connected between 
the first differential amplifier means and the pump cur- 
rent mirror means. 

* * « « * 
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ABSTRACT 



A voltage regulator circuit for use with an integrated 
circuit with a charge pump circuit having a voltage 
output terminal and a voltage input terminal in which a 
plurality of voltage regulating P-channel MOS transis- 
tors, each of which has its source and substrate con- 
nected together and its gate and drain connected to- 
gether, are connected in series t)etween the voltage 
output and input terminals of the ch^ge pump circuit. 
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It is another object of the present invention to pro- . 
VOLTAGE R£GlJLAtOR CQtCUIT vide a voltage regulator circuit which 

Idtt of detmoration of the voltage regiilating prdpe^ 
BACKGROUND OF THE P^VENTION of MOS transistors when they are abruptly supplied 

1 Rdd of the Invention ^ with a high voltage from a charge pump circuit, which 

The piesent mvention relates to a voltage regdator niight cause inaipa*ffity of t^^^ 
circuit for holding an output voltage of acharge pump worst case, and wl^^^^ 

circuit m a semiconductor integrated ciraiit sutetan- d<? current through the MOS traisistors when no mput 
tiaOy constant voltage is apphed thereto from the charge pump circuit 

1 Description of the Related Art ^* ^ "^^^^ P'*^* invention to 

Typical ^aampltt of voltage regulato^^ to P^wde a voltage r^ulator circuit which pe™ 

hold outputSges of ch^S^ piimp circuits in semi- ^^c^^ce of the flow of ^unnecessary dc current 
conduct!^ integi^ciicdtssnbsuin voltage-reguktmglS^ tomsisto^ m case 

d«cribed in tte foilowingarticles (1H3). , , "^^'^t ''f^^'' than an out- 

6) In tiie article entiU^^-^^^ pmydtjg pf^ charge pump qicmt 

and Process Consideriations for High-Density 5 V-only . ^v:^*- ^ * 

E2PROM,s-byDUANEH.OTO«aL,IEEEJourn^ : . To attam the above objec^ ac«^^ 

0fS61id.Statckmits,VblSe.l8,NaV Sn'^V^^'cfct^^^^ 

53W38, the output voltage of the chargi pmnp 6^xit transistor^ each of which has ite source and sub- 

^^.«\!o«!^^i?rjA!i2 ^ 5trate connected together and its gate and drain con- 

Si^Sf^^cTi^^ are comiected in series between an 

^Inthearticlel^^^ rSSee'S^^ 
64ILEPROM Based Upon Substrate Hot-Electron In- ^jlw^^ SSnrf Mn< 
lirtinfi- K« TAXiPQ t^iu^r;PBAPV TBTJT? pircmt Such a F-channel MOS transistor havmg its 
I /J^^.b; ^S^^ source and substrate comiected to together and its gate 
Journal of Solid^ and drain comiected together is not very subject to the 
1984, pp 13S.143, the output VPjtage^of ch^^^ effect ofback-gate bias: It is therefore easy to determine 
pmnppircmtisapphttitoaplurahtyofMOS t^ of PK:hamiel MOS transistors to be con- 
to produce a conttolwl^^^^ which, m turn^ apphed ^^ries for a desired voltage regulating prop- 
to the gate of aMOS^transistor connected ^een^^^^ 30 ^rty, improving the reliability of volt^c regutoting 
output node of the charge pump circuit and the supply property. » o 

voltage node so as to cause it to conduct The output ^ ' 

vbltage is damped by the MOS transistor. BIUEF pESCSUiniON OF THE DRAWINGS 

(3) Ifa^rarticle ^titled "^^'^^ ?,5p-iiiW^^^^ FIG. 1 is a Circuit diagram of a voltage regulator 

Erasable Programmable Logic Device" by JAGDISH 35 circuit embodying the present invention; 
PATHAK, IEEE Journal of Solid-State Circuits, Vol. FIG. 2 is a graph iUustrating an exemplary voltage 
^' ^ N^d^nnel regulating property of Uxe voltage regulator circuit of 

MOS transistors, each of which has its gate and dram pjQ, 1; 

connected tog^er^ m piO: 3 is a graph iUustrating an exemplary output 

output node and input node pf the charge pump circuit 40 voltageK:urrent characteristic of the voltage regulator 
to produce an ou^ut voltage of Vpp+2 Vtn (Vpp circuit of FIG. 1; 

stodsfor a input voltage andytitstanfe piG. 4 is a graph illustrating the effect of back-gate 

old voltage of an N-channel MOS traiasistor). bias of P-channel MOS transistors in die voltage rMula- 

Howcver, the voltage-regulating N-channel MOS tor circuit of FIG. 1;. 
transistors used in the third article have a wide variabU- 45 piG. 5 is a sectional view of part of P-channel MOS 
ity of threshold voltage because of the effect of back- transistois in the voltage regulator circuit of FIG. 1; 
gate bias. Thus, for a desiriDd voltage regttlalin and . ' 

crty it is difppuh to:da^mine the niunber;of no. 6 is a block diagram of a nonvolatile memory 

traittistors to be poimected in series. In addition, in case integrated circuit in which the present invention finds 
where a hi^ voltage; is abruptly ou^ut from the charge 50 application. 

pump drc^t and applied across the drain-source path of 

the N-channel MOS transistor, the transistor may be DETAILED DESCRIPTION OF THE 

short-dicuited. In such case, the yoltage^regukting PREFERRED EMBODIMENTS 

property of the. voitogereguktord^ Referring to a charge pump circuit-voltage regulator 

rioiretai bepfuse iof the N-channel MOS transistor. In. 53 circuit formed in a semiconductor integrated circuit 
the worst. (MBei t^ voltage regulation would biecoine according to the present invention comprises a voltage 
in^>6^bli^ An integrated circuit incorporating the volt- input terminal 1 for receiving a input voltage VI, a 
age-regulatmg N<haiind MOS tr^^ , cteirge pump circuit 2 for producing a high output 

stHiBUIity. voltage Vout from the input voltage: VI at input tenni* 

SUMMARV OF Tiffi INVENTION ^ ^JJ^?^%'^'^'^±^ 

output voltage Vout of charge pump circmt 2 to a sub- 
It isapcordingly an object of the present invention to ' stantially constant level and an inverter 4 for inverting 
proyide a voltage regulator circuit which solves the an enable signal EN to apply an inverted enable signal 
probliem of bw reliability of the voltage regulating EN to voltage regulator circuit 3. 
property, which .arises fronoi difRculty in determining 65 . Charge pump circuit 2 comprises a clock generator 
the number of N-channiel MOS transistors used as volt- QSC for producing nonoverlapping two-phase clock 
age-regulating MOS transistors for obtaining a desired . signals^l and ^2 when the enable signal EN is active 
vohage-wgolatmg property. (at a "High" level), boosting capacitors C each of which 
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receives at one end the clock signal or <^2 and MOS The reliability of an integrated circuit incorporating 

transistors T connected to the other end of each of voltage regulator 3 will not be degraded. 

c^)aiciton C, thereby to produce output voltage Vout Moreover, when a boosted voltage is not' applied to 

boosted relative to input voltage VI. voltage regulator circuit 3 from charge pump circuit 2, 

In voltage regulator circuit 3, a plurality of P-channel 5 that is, when the enable signal EN is inactive (at a "L** 

e nh a ncem ent MOS transistors P2-P(n— 1), each of level), no dc current will flow through volUge regula- 

which has its source and substrate connected together circuit 3 and thus unnecessary current dissipation is 

and its gate and drain connected together, are con- produced because P-channel MOS transistor PI is 

nected in series between voltage output terminal 2a and ^ enable signal IN. 

voltage mput termma^ 1 of charge pimp circuit 2 In jq ^ j^^h a voltage regutotor 3 as described 

addition, the somc^^ path of a P^bamiel M^ ^^^^ ^ 

. transistor PI with its source and substrate connected . - w^^^^ i,;^^-.,. ♦i-l* «,r^u<.„I ; 

together and its gate suppUed with inverted signal EfJ I ^^^ ^B^^^ ^ ^^^^se ^^^P^^ ^enm. 

SSSe?J£Sr^ ^ ^ ^ ^^^^^ unnecessary dc 

putterminalTofchargepumpdrcmtlaiidon^^ ,5 opposite direction from vokage 

Ae series comiection of pSnel MOS transistors P2 «nput terminal 1 to voltage output termm^ 2a wiU be 

to P(n^ 1) (namely, the connection point of the source ayoidcd because of the^castence of the PN junction 

and substrate of Pnchannel MOS transistor P2). More- di^c of Pnchamiel MOS transistor Pn. 

over, between the other end of the series connection of , I}p ^ illustrates a sectional structure of P-channel 

P^channel MOS transistors P2 to P(n- 1) (namely, the ,0 transistors Pn and P(n~ 1) which constitute part 

connection point of the gate and drain of P<hannel voltage regulator circuit 3. That is, reference nu- 

MOS transistor P(n- 1)) and voltage input terminal 1 is "^^^^1 50 denotes a P-type semiconductor substrate, 51 

connected a P^hannel MOS transistor Pn having its an N well, 52 a P+ impurity region for the source, 53 a 

^te, drain and substrate connected together. The MOS P+ type impurity region for the drain, 54 a gate elec- 

transistor Pn may be replaced with a diode. 25 an N+ type well electrode and 56 wiring. As 

Next, the operation of voltage regulator 3 will be can be seen from the figure, because a PN junction 

described with reference to FIGS. 2 and 3 which illus- diode 57 is formed between the source and the substrate 

trate the voltage regulating property and the voltage vs. in P-channel MOS transistor Pn which has its substrate 

current characteristic, respectively. (N well), gate and drain connected together, reverse 

When the enable signal EN is inactive (at a "Low** current flow from voltage input terminal 1 can be 

level) and thus inverted signal is at a *'H'* level, avoided. 

charge pump circuit 2 is disabled, and P-channel MOS It is to be noted that, if P-channel MOS transistor PI 

transistor PI is in the off state so that voltage regulator is omitted in the above embodiment, the effect of im- 

circuit 3 is disabled. When enable signal EN is rendered proved reliability of the voltage-regulating property 

active (goes to a "H" level) at a time tl, charge pump from the existence of P-channel MOS transistors 

circuit 2 is enabled and P-channel MOS transistor PI is P2-P(n- 1) and the effect resulting from the existence 

rendered on. Consequently the output voltage of charge of P-channel MOS transistor Pn will be obtained, 

pump circuit 2 rises and increases gradually as indicated fig. 6 is a block diagram of a nonvolatile memory 

in dotted line in FIG. 2. but output voltage Vout is integrated circuit, for example, an EPROM integrated 

regulated to a substantially constant level by means of circuit, to which the present invention is applied, 

voltage regulator circuit 3. It is to be noted here that the in the EPROM integrated circuit, reference numeral 

output voltage Vout is given by 51 denotes an address buffer to which address data is 

' ' 64 a sense amphner, 65 an mput/output buffer, 66 a 

where VF stands for the forward voltage of the PN « read/write control circuit, 67 such a charge pump ot- 

junction diode of Ps:hamiel MOS transistor Pn and Vth cmt-voltagc regulator circuit as shown m FIG, 1, 68 a 

stands for the threshold voltage of each of P^hamiel ^"^^ generator, and ^ a column drive 

MOS transistora PI to P(N-1). voltage generator. Sense amphfler 64 is enabled by a 

Acooxding to voltage regulator circuit 3 described ^^^^^ ^BAD from read/write control 

above, as voltage regulating MOS transistors are used » circuit 66. When suppUed with the enable signal EN 

P-channel transistors P2 to P(n- 1) each of which has read/write control circuit 66, charge pump cir- 

its source and substrate connected together and its gate cuit-voltage regulator circuit 67 produces a boosted 

and drain connected together. P-channel transistors P2 voltage Vout regulated to a substantially constant level, 

to P(n-1) suffers such an effect of back-gate bias as ^^w drive voltage generator 68 applies the boosted 

shown in FIG. 4^ which is not very serious. It is there- 55 voltage Vout from charge pump circuit-voltage regula- 

fore easy to determine the number of P-channel MOS circuit 67 to a selected word line of memory cell 

trandstors for obtaining a desired voltage regulating ^ ^ ^te mode in which the generator 68 

property. The rdialnlity of the voltage regulating prop- receives a write control signal WRITE from read/write 

erty thus increases. control circuit 66. In the write mode, column drive 

Even if a high voltage is abruptly applied to the 60 voltage generator 69 is responsive to the write control 

source of P<hannel MOS transistor PI from charge signal WRITE from read/write control circuit 66 to 

pump circuit 2 when enable signal EN is rendered ac- apply the boosted voltage Vout from charge pump 

tive ("H** level), transistor PI is turned on by inverted circuit-voltage regulator circuit 67 to a selected column 

signal applied to its gate at the same time charge line of memory cell array 63 according to input data 

pump circuit 2 starts operating. Thus, the reliability of 65 from input/output buffer 65. 

P-channel MOS transistor PI will not be degraded. The In the above EPROM integrated circuit, the high 

problems of degradation of the voltage regulating prop- boosted voltage Vout is applied to the gate and drain of 

erty and incapability of voHage regulation will not arise. a memory cell connected to the selected word line and 
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column line of memory cell aiiay 63 so that input data 3. A voltage regulator circuit according to claim 1, io 

is; written into the selected memory cell. which between the other end of the series connection of 

it is to be noted that the voltage regulator circuit of ' . istud P-chaimd MOS transistors and said voltage input 

the present invention may be applied to E^PROM inte- tenninal of said charge pump circuit is connected a 

grated circuits and logic integrated circuits incorporat- ^ P-channel MOS transistor having its substrate, gate and 

ing nonvolatile memory cells. drain connected together or a diode. 

Although only one embodiment of the invention has 4. A voltage regulator circuit according to claim 2, in 

been disclomi and described, it is apparent that other ^^^^ a P<hannel MOS tranastor havmg its substrate, 

embodiments W modifications of the invention are gate and dram connected togrther or a diode is con- 

i^^jjgjjjj^ 10 nected between the other end of the series connection of 

^^^lat is claimed is: P-channel MOS transistors and said voltage input 

* A\,rAt^^m /^*^«t# ^♦it ^ terminal of said charge pump circuit 

1 A ycjtage regiMa^r ^cm^^ use with a scmicon- ^^^^ circuit according to claim 1, in 

ducnor uitegmted circmt having a^harge pump arcmt ^^i^^ regulator circuit reguktes a boosted 

with a voltage output tramnad and a vp tage mput tcr- ^ j ^ appUed to memory cells of a nonvolatile 

minal,mcludmg a plundity ofP<;hiumcl MOStransis- meadoW integrated ctc^ 

ton comccted in ^« between said voltage output 6/A voltage n^tor circuit according to claim 2, in 

terminal and said voltage input terminal of said charge y^^^^yi said voltage regulator circuit regulates a boosted 

pump circuit, each of said P-channel MOS transistors voltage to be appUed to memory cells of a nonvolatile 

haviiig its source and substote connected together and . 2^ memory integrated circuit 

its gate and drain connected together. 7. A voltage regulator circuit according to claim 3, in 

2. Avoltagereguktor circuit according to claim!, in which said voltage regulator cvcuit regulates a boosted 

which between one end of the series connection of said voltage to be applied to memory cells of a nonvolatile 

P-<;^^nel MOS ti'ansistors and said volu^ memory integrated circuit 

termh^l of .siud diarge piimp circuit is connected a 25 8. A voltage regulator circuit according to claim 4, in 

P-channel MOS transistor which has its source and which said voltage regulator circuit regulates a boosted 

substrate connected together and is supplied at its gate voltage to be applied to memory, cells of a nonvolatile 

with an enable signal synchironized with an enable sig- memory integrated circuit 

. nal for isaid charge pump circuit •••••• 
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A high voltage integrated circuit operable in a system having 
a low voltage reference, a high voltage reference, and a 
ground, for providing an output voltage higher than the high 
voltage reference. The integrated circuit includes a high 
voltage ground reference circuit, operable to provide a high 
voltage ground reference node. Also included is an 
oscillator, operable to provide a clock signal, the oscillator 
being connected to the high voltage reference and to the high 
voltage ground reference node. An isolated charge pump 
circuit is provided, operable to generate the output voltage 
and isolated in the integrated circuit from other circuitry. 
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EFFICIENT CHARGE PUMP CAPABLE OF 
HIGH VOLTAGE OPERATION 

TECHNICAL HELD OF THE INVENTION 

This invention relates to charge pump circuits, and more 
particularly relates to charge pump circuits capable of high 
voltage operation. 

BACKGROUND OF THE INVENTION 

The charge pump is a type of DC-DC voltage converter 
circuit that uses capacitors to store and transfer energy, 
typically in order to generate a higher voltage than that 
supplied to the circuit. They are used in a variety of 
applications. They are commonly used, for example, to 
generate the higher voltages required for the writing and 
erasing operations of non-volatile memories such as flash 
memories. They are also used to achieve higher gate drive 
voltages (Vgs) on MOSFBTs to obtain a lower resistance 
from drain-to-souFce while the device is on (Rdson) for a 
same size device. They are also used as a supply in low 
voltage applications. The foregoing list of applications is not 
exhaustive. 

A charge pump is typically constructed in a series of 
stages that step up the voltage created by the charge stored 
in one stage to a higher voltage in the next. FIG. 1 is a circuit 
diagram of an exemplary prior art two-phase charge pump 
circuit 10. The circuit includes metal oxide semiconductor 
field effect transistors ("MOSFETs," or, simply "FETs") 
T1-T12, capacitors C1-C6, and an inverter, connected as 
shown. The circuit has three identical stages 14, 15, 16, each 
stage including four FETs (n-T4, T5-T8 and T9-T12, 
respectively), and two capacitors (CI & C2, C3 & C4 and 
C5 & C6, respectively), connected as shown. A high voltage 
V^ is provided to the first stage 14, while a square wave 
clock signal CLK is provided to one side of all stages, and 
its inverse, generated by inverter 12, is provided to the other 
side of all stages, as shown. 

Each stage operates in similar manner, with increasing 
voltage being provided successively at the output of each 
stage, in a manner well known in the art. Thus, in successive 
half cycles of CLK, FETs T1-T12 operate in complementary 
fashion to pump charge onto the plates of capacitors C1-C6, 
creating a voltage across the capacitors, and then to use that 
voltage, which is raised during the transfer cycle by the 
voltage of the clock signal, to elevate the voltage across a 
capacitor in a next stage that is on the same side of the circuit 
by that voltage, less the threshold voltage of a connecting 
FET. The last stage provides an output voltage ^out- 

However, as the voltage generated by each stage 
increases^ the threshold voltages of the transferring FETs can 
increase, due to the well-known backgating effect. This 
causes a successively lower voltage increase from one stage 
to the next. In fact, the threshold voltage of a transferring 
FET can become the same as the voltages of the clock 
signals driving the pump, at which point no further boosting 
is possible. To avoid this, in the charge pimip circuit 10 the 
backgate is tied to the source on each FET, as shown. Thus, 
Vsb=0. This requires isolation of the circuit. 

In addition, there is a significant challenge in designing a 
charge pump that can work over a large voltage range. One 
reason for this is that the charge pump voltage is usually 
referenced to the supply in some way, and as the supply 
voltage increases so loo does Voar' However, the capacitors 
arc typically diffusion capacitors, which have a specific 
voltage tolerance. When the clock signal switches from the 
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supply voltage in its high phase to a low voltage in its low 
phase, the voltage tolerance of a capacitor can be exceeded, 
causing breakdown of the capacitor. Thus, in designing a 
high voltage charge pump that can work over a very wide 
^ supply range, one must solve the problem of how to clock 
it, but not exceed the voltage tolerance of the capacitors. 

U.S. Pat. No. 6,157,242, which issued on Dec. 5, 2000, to 
Haruyasu Fukui, ct al., and was assigned to Sharp Kabushiki 

10 Kaisha, proposes a charge pump circuit arrangement to 
allow operation at a wide range of power supply voltages. In 
their scheme, normal clock signals are provided to early 
stages of a charge pump, but in order to overcome the 
problem associated with increasing transferring FET thresb- 

15 old voltage, and thus allow a higher output voltage to be 
generated, a clock signal boost circuit is provided for 
boosting voltages of the clock signals of later stages. In 
order to address the problem of having the charge pump 
work over a very wide range and still stay within the 

20 tolerances of the capacitors, they propose having their clock 
boosting capable of being enabled and disabled. For lower 
supply voltages, clock boosting would be enabled, while for 
higher supply voltages clock boosting would be disabled, to 
protect the capacitors against breakdown. However, this 

25 proposed solution provides a limited output vohage. 

Another prior art solution, shown in FIG. 2, utilizes a 
conventional ring oscillator 17, with transfer circuitry 17a 
providing the oscillator signal to high voltage level shifters 
18 to raise both t he hig h and low voltage levels of the clock 
signals CLK and CLK, in order to provide a higher output 
voltage, and using high voltage components in the charge 
pump (not shown). In this solution, high voltage references 
V^ and V^ are referenced linearly to supply, and provided 
to the level shifters, as shown. For example, V^ could be 
at supply voltage, Vsupply, such as 5 volts, and V^ at some 
specified voltage below Vsupply, with both rising and falling 
with Vsupply, but holding the difference in their voltages to 
close tolerance. While this solution does not limit the output 
voltage, as in the arrangement disclosed in U.S. Pat. No. 
6,157,242, it does require a relatively large integrated circuit 
area to implement, as it requires the additional area for the 
level shifters, and for high voltage components used in the 
design. In addition, the approach shown in FIG. 2 is limited 
in clocking frequency because of the high voltage level 
shifters 18. The FET devices in that circuit are, of necessity, 
large and have high intrinsic capacitance, and so do not 
switch rapidly. 

SUMMARY OF THE INVENllON 

In accordance with the present invention there is provided 
a high voltage integrated circuit operable in a system having 
a low voltage reference, a high voltage reference, and a 
ground, for providing an output voltage higher than the high 
voltage reference. The integrated circuit includes a high 
voltage ground reference circuit, operable to provide a high 
voltage ground reference node. Also included is an 
oscillator, operable to provide a clock signal, the oscillator 
being connected to the high voltage reference and to the high 
voltage grotmd reference node. An isolated charge pump 
circuit is provided, operable to generate the output voltage 
and isolated in the integrated circuit from other circuitry. 

These and other features of the invention will be apparent 
65 to those skilled in the art from the following detailed 
description of the invention, taken together with the accom- 
panying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram of a prior art charge pump. 

FIG. 2 is a circuit diagram of a prior art circuit that 
generates a clock signals for a charge pump, at elevated 
voltages. 

FIG. 3 is a diagram of a preferred embodiment of the 
present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

The Dumeroxis innovative teachings of the present inven- 
tion will be described with particular reference to the 
presently preferred exemplary embodiments. However, it 
should be understood that this class of embodiments pro- 
vides only a few examples of the many advantageous uses 
and innovative teachings herein. In general, statements made 
in the specification of the present application do not neces- 
sarily delimit the invention, as set forth in different aspects 
in the various claims appended hereto. Moreover, some 
statements may apply to some inventive aspects, but not to 
others. 

FIG. 3 is diagram of a preferred embodiment of the 
present invention. In general, to solve the problems 
described above, a ring oscillator circuit 21 providing the 
CLK signal has its "ground," or, reference voltage regulated 
so that it is always a constant and operational voltage 
between the supply voltage and the actual circuit ground. In 
order to protect the circuitry of the charge pump, it is placed 
in a deep N-wcll ring ("DNWELL'*) 19 over an N-type 
buried layer ('*NBL"), using known fabrication techniques, 
resulting in an isolated charge pump circuit 10\ By provid- 
ing a ring oscillator with floating ground and isolated charge 
pump circuit, the circuit area required is significantly 
reduced as compared with prior art solution described 
above, since no high voltage components are required, and 
no level shifters are required. In addition, there is signifi- 
cantly reduced current consumption, as compared with prior 
art solutions. Further, firom a product design standpoint, less 
risk is involved with implementations of the present 
invention, since the circuit is simpler, compared with prior 
art solutions achieving the same or similar result. 

Specifically, the circuit of FIG. 3 includes the isolated 
charge pump circuit 10', an oscillator stage with floating 
ground 20, a high voltage ground reference stage 30, and a 
bias generator stage 40. The bias generator stage 40 uses 
FETs 41 and 42 to establish a voltage reference with respect 

^cc O^cc ^^i"g» for example, 5 volts), and then uses that 
voltage to establish a reference current through FET 43, 
which is mirrored using a current mirror constructed of FETs 
44 and 45, to generate a current bias, ibias. 

The high voltage ground reference stage 30 comprises a 
block of circuitry 31 that takes an integrated circuit high 
voltage source W„y and generates a floating ground on node 
22, which is provided to ring oscillator circuit 21 and to 
inverter 12'. The high voltage is typically a readily 
available high voltage supply, for example a car battery 
voltage of approximately 12-14 volts, for applications 
intended for use in an automobile. Another example is in 
applications intended for use in a printer. Printers typically 
transform and regulate a 30 volt supply to control the motors 
that move the print heads. Other supply sources exist, 
depending on the application. In any event, V^is higher than 
normal supply voltage. 

Preferably, circuit 31 is an operational amplifier config- 
ured as a voltage regulator, that outputs a voltage that stays 
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within a range of the supply voltage, for example 5 volls. It 
will be appreciated that the invention is not limited to the use 
of circuitry 31, but that any circuit that provides a node, such 
as node 22, that has a constant and operational voltage 
5 between V^, and ground may be used to provide this 
function. 

The oscillator circuit that is used in oscillator stage 20 is 
a conventional ring oscillator 21. It will be appreciated that 
the invention is not limited to the use of ring oscillator 21, 

10 but that any circuit that generates a suitable clock signal may 
be used to provide this function. Preferably, however, the 
ring oscillator 21 is constructed of PMOS type FET devices 
such that they are self -isolating. That is, in a p-type substrate 
technology they are designed to reside in an n-type tank that, 

15 in turn, resides in a p-epi layer, "fhe purpose of the ground 
connection to the ring oscillator 21 is to provide the substrate 
connection of the PMOS devices in such an implementation. 
The use of V^, and the floating ground voltage on node 22 
result in a CLK signal that changes essentially between 

20 those two voltages. 

Inverter 12' is essentially the same construction as prior 
art inverter 12, but it has the floating ground connection 22 
for its ground connections. It takes the h igh v oltage CLK 
signal as an input and provides the inverse CLK signal as an 
output, again changing between and the floating ground 
voltage on node 22. 

Now, the high voltage ground reference circuitry 31 
preferably has high gain, in order to sink the switching 
current of the ring oscillator circuit 21 and still maintain 
solid regulation. Therefore, as a practical matter, node 22 
will have some ripple on it. Capacitor C7 is provided to filter 
that ripple. In the preferred embodiment, capacitor C7 is 
provided between and node 22, rather than, for example, 
between node 22 and ground. This is because as so 
connected, capacitor C7 forms a high frequency bypass for 
the oscillator supply. This supply is comprised of the W^, rail 
and the virtual reference ground node 22. In addition, the 
voltage between and node 22 is a regulated low voltage, 
and as such it allows a higher density capacitor to be placed 
there, as compared with a connection between node 22 and 
ground. Finally, any supply transients coupled to will be 
transferred to node 22 by way of capacitor C7, so that the 
transient appears as a common-mode signal. Hence, the 
differential supply voltage across the oscillator will remain 
constant, reducing the likelihood of damage to that compo- 
nent. If capacitor C7 is connected between node 22 and 
ground it would actually increase the likelihood that damage 
would occur due to transients induced on V^. 

50 In this way, ring oscillator circuit 21 and inverter 12' 
operate between the floating ground on line 22 and the high 
voltag e reference V^. Thus, the CLK signal and its inverse 
CLK arc provided to the isolated charge pump circuit 10' at 
a higher voltage, allowing a higher V^j^ while by the 

55 DNWELL/NBL isolation, the low voltage components in 
isolated charge pump circuit 10' are protected against break- 
down. 

Although the present invention and its advantages have 
been described in detail, it should be understood that various 
60 changes, substitutions and alterations can be made herein 
without departing from the spirit and scope of the invention 
as defined by the appended claims. 
What is claimed is: 

1. A high voltage integrated circuit operable in a system 
65 having a low voltage reference, a high voltage reference, and 
a ground, for providing an output voltage higher than the 
high voltage reference, comprising: 
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a bias current generator stage coupled to receive the low 
voltage reference to generate a bias current; 

a high voltage ground reference circxiil coupled to receive 
the bias current, the low voltage reference, the high ^ 
voltage reference and ground, the high voltage ground 
reference ciroiit operable to provide a high voltage 
ground reference node; 

an oscillator, operable to provide a clock signal, the 
oscillator being connected to the high voltage reference lO 
and to the high voltage ground reference node; and 

an isolated charge pump circuit coupled to receive the 
clock signal, the high voltage reference and an inverted 
clock signal, the isolated charge pump circuit operable 
to generate the output voltagp. 

2. A high voltage integrated circuit as in claim 1, wherein 
the high voltage ground reference circuit comprises an 
operational amplifier. 

3. A high voltage integrated circuit as in claim 1, wherein 20 
the oscillator comprises a ring oscillator including PMOS 
FET devices in an n-type tank residing in a p-epi layer. 

4. A high voltage integrated circuit as in claim 1, wherein 
the bias current generator stage, comprises: 

a first transistor, having a gate node, a source node and a 25 
drain node, the source node coupled to receive the low 
voltage reference; 

a second transistor, having a gate node, a source node and 
a drain node, the gate node coupled to the gate node of 
the first transistor, the drain node coupled to the drain 
node of the first transistor, the source node coupled to 
the ground; 

a third transistor, having a gate node, a source node and 
a drain node, the gate node coupled to the gate node of 35 
the first transistor, the source node coupled to the 
ground; and 

a current mirror coupled between the drain node of the 
third transistor and the low voltage reference. 
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5. A high voltage integrated circuit as in claim 1, wherein 
the oscillator, comprises: 

a ring oscillator coupled to receive the high ground 
voltage reference, ground, and the high voltage refer- 
ence to provide a clock signal; 

a capacitor coupled across the high voltage reference and 
the high ground vohage reference; and 

an inverter coupled to the ring oscillator to provide an 
inverted clock signal, wherein the inverter having a first 
and second control input coupled to receive the high 
ground voltage reference and the high voltage refer- 
ence. 

6. A high voltage integrated circuit as in claim 1, wherein 
the isolated charge pump circuit, comprises: 

at least one stage that comprises, 

a first transistor, having a control node, a drain node 
and a source node, the source node coupled to 
receive the high voltage reference, 

a second transistor, having a control node, a drain node 
and a source node, the control node of the first 
transistor coupled to the control node of the second 
transistor, the drain node of the first transistor 
coupled to the drain node of the second transistor, 

a third transistor, having a control node, a drain node 
and a source node, the source node coupled to 
receive the high voltage reference, the drain node 
coupled to the control node of the first transistor, the 
drain node of the first transistor coupled to the 
control node of the third transistor, and 

a fourth transistor, having a control node, a drain node 
and a source node, the control node of the third 
transistor coupled to the control node of the fourth 
transistor, the drain node of the third transistor 
coupled to the drain node of the fourth transistor, 

a first capacitor coupled between the drain node of the 
first transistor and the inverted clock signal node, 

a second capacitor coupled between the drain node of 
the third transistor and the clock signal node 
wherein each of the at least one stages couples to one 

preceding stage. 

* * * * * 
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ABSTRACT 



The invention relates to a signal generating device (10) for 
a charge pump for an integrated circuit, comprising: 
N signal outputs Dj, . . . , and a signal setting input 
(12) for setting a frequency f, in which case the signal 
generating device (10) is designed in such a way that 
a periodic signal SJi) can be output via ihe signal 
output Dj^ 

all the signals S^(t), . . . , S^t) have the same sellable 

frequency f, in which case 
the following holds true for the signal S^(t), where 

2^xiN, 

5,(0-^i('-('-3>Ar,-AV(2/)), 

in which case 

AT;^ is the delay duration of the signal SJi) with 

respect to S^^-iCO* 
k,c{0; 1}. 

the delay duration At^^ is dependent on the frequency f. 
Purthermore, the invention relates to an integrated circuit. 

12 Claims, 4 Drawing Sheets 
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SIGNAL GENERATOR FOR CHARGE PUMP 
IN AN INTEGRATED CIRCUIT 

RELATED APPUCAnONS 

This application claims the benefit of the April 30, 2002 
filing dale of German application DE 102.19,371.1, the 
con tents of which are herein incorporated by reference. 

FIELD OF INVENTION 

The present inventioa relates to a signal generating device 
for a charge pump for an integrated circuit and to an 
integrated circuit which comprises such a signal generating 
device, 

BACKGROUND 

In order, in an integrated circuit and, in particular, a 
semiconductor memory device or DRAM, to generate volt- 
ages which, in respect of magnitude, are higher than the 
supply voltage or are negative, so-called charge pumps are 
integrated. Charge pumps make it possible to generate 
multiples and sums of internal voltages. For this purpose, it 
is necessary to connect the charge pumps to ring oscillators 
which provide corresponding frequencies from which are 
derived control signals which are co-ordinated precisely 
with respect to lime. In certain ranges, the maximum pos- 
sible output current of the charge pumps is proportional to 
the oscillator frequency. 'ITiis means that, in standby 
operation, i.e. with only a low current requirement, it 
becomes possible, for power loss reasons, to operate the 
pumps with lower frequencies than in the active operating 
mode, in which there is a higher current requirement. 

Oscillator devices or arrangements which can generate the 
required control signals for a charge pump are known. 

Such an oscillator arrangement according to the prior art 
is shown in FIG. 4. A signal with a first frequency fl is 
generated in a first ring oscillator 110. A second signal with 
a frequency O is generated in a second ring oscillator 112. 
In this case, the frequency £2 is different firom the frequency 
fl. The two signals generated are fed to a multiplexer 114, 
by means of which a selection device 116 can select which 
of the two signals is output by the multiplexer 114. 

The signal output by the multiplexer is fed to a delay 
chain 118, which generates the control signals for a charge 
pump 120. 

In the delay chain 118, the signal received from the 
multiplexer 114 is delayed by a predetermined delay dura- 
tion. The delayed signal is in tum delayed by the predeter- 
mined delay duration. This process is repeated until the 
required number of control signals has been obtained. The 
signals thus obtained are output to a control signal gener- 
ating unit 122, which generates control signals for the charge 
pump 120. 

This oscillator arrangement of the prior art has the 
disadvantage, however, that the control signals are inad- 
equately adapted for the charge pump, which leads to an 
impairmcni of the efficiency. 

SUMMARY 

Consequently, it is an object of the present invention to 
provide a signal generating device for a charge pump for an 
integrated circuit and an integrated circuit which enable an 
improved efficiency diu'ing the operation of the charge 
pump. 

The invention provides a signal generating device for a 
charge pump for an integrated circuit, in which case the 
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signal generating device has N signal outputs D^, . . . , D^ 
and a signal setting input for setting a frequency f and is 
designed in such a way that 

a periodic signal S^t) can be output via the signal output 

all the signals 8^(1), . . . , S^t) have the same sellable 

frequency f, in which case 
the following holds true for the signal S^(t), where 

2^x^N, 



15 



25 



35 



40 



5^0-^i('-(jf-l>A7-,-M2/))> 



in which case 

AT^ is the delay duration of the signal Sj^(t) with 

respect to S^_i(t), and 
k:,e{0;l}, 

the delay duration At^^ is dependent on the frequency f. 
The frequency f is preferably the inverse of the period 
duration of the periodic signal S^t). Furthermore, the signal 
generating device is preferably designed in such a way that 
all the signals Sj[l) for 2^x^N satisfy the equation speci- 
fied above. The delay duration AT^ is preferably inversely 
proportional to the frequency f. In particular, it is preferred 
for the delay duration AT^^ to increase, the lower the fre- 
quency f is. 

By virtue of the fact that the delay duration AT^^ is 
dependent on the frequency f, it is possible to ensure that the 
control signals for the charge pump are in an optimal 
temporal relationship with one another and the charge pimip 
can thus be operated in an advantageous state for aU fre- 
quencies. 

The signals Sjii) output all have the same frequency f. 
Consequently, the temporal sequence of the pulse signals 
output is the same; in particular, the edges of the signals are 
spaced apart from one another by the same delay time. 
However, in a preferred embodiment, it may be provided 
that the amplitude and/or an offset or a shift of one or more 
signals is provided. 

Preferably, k3p=(l+{-l)*)/2. Consequently, in each case 
successive signals are inverted with respect to one another. 

The delay duration AT^ is preferably essentially identical, 
to be precise equal to AT, for all the signals 82(1), . . . , S^<t). 

In a preferred embodiment, the signal generating device 
comprises a multiplicity of oscillator stages connected in 
ring form, in which case 

the oscillator stages each have an oscillator stage input 

and an oscillator stage output; 
in which case the oscillator stage output is respectively 
50 signal-connected to the oscillator stage input of the 
downstream oscillator stage; and 
the signal outputs D^, . . . , Dj^ are signal-connected to a 
respective oscillator stage output of the oscillator 
stages. 

55 Each oscillator stage preferably has a setting input which 
is signal-connected to the signal setting input. 

By tapping off the signals S], . . . , Sy^^ directly at the 
oscillator stage outputs, it is possible to obtain the delayed 
signals directly from the ring oscillator which is used for 

60 generating the signal. Consequently, the delay chain which 
was provided in the prior art can be dispensed with. 
Furthermore, the multiplexer can likewise be dispensed with 
since the frequency of the signal generating device accord- 
ing to the invention is variable, and, consequently, only one 

65 ring oscillator is required. 

Preferably, the oscillator stages each comprise a settablc 
delay element for setting a delay element duration Zy^. 
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The delay clement duration Xvc foniis part of the delay 92. From the signals output by the signal generating device 

duration AT^. 10, the control signal generating unit 92 generates signals 

Preferably, the sellable delay element is of capacitive which are related temporally to one another such that they 

design. It is further preferred that the delay element can be have an optimum arrangement of the operation of the charge 

set by means of a setting .signal which can be input via the 5 pump 94. 

signal setting input. FIG. 2 shows a circuit diagram of a signal generating 

Preferably, the sellable delay element is formed by at least device in accordance with a preferred embodiment of the 

one capacitor, one of whose electrodes is electrically con- present invention. 

nectcd to the oscillator stage output and whose other elec- ^^^^ j generating device in accordance with a pre- 

trode IS electncally connected to a fixed potential. The fixed 10 feared embodiment of the present invention comprises a ring 

potential is preferably V , e. the potential on the integrated escalator comprising a multiplicity of oscillator stages 14, 

circuit which IS provided for "carthmg". It is further pre- 14^^ .... An odd number of osciUalor stages is 

ferred that the sellable delay element may comprise a further preferably provided- The oscillator stages 14, 14a, 14^ . . . 

capacilor, whichcan be connected mpar^mel with the first ^^own in the embodiment illustrated are preferably all 

capacitor by means of the setting signal. The delay element 15 identical. Therefore, only the oscillator stage 14 is described 

duration z^^. can be influenced by the size of the capacitance ^ ^^^^ ^ description below. 

of the delay element. r« m, • ^ 

i» V A f J .u * *u 11 * . L The oscillator stage 14 has an oscillator stage mput 15 and 

It IS further preferred that the oscillator stages each •„ . . * . m. -n * . * . 1^ 

■ • 1 . an oscillator stage output 16. The oscillator stage output 16 

comprise an invertmg element. o.. -i, . . - . j l -h . . 

' 1 ' ji ' f 1^1 • ... of the oscula tor stage 14 is connected to the oscula tor stage 

Ihe signal generaimg device preferably compnses N 20 . . ,e r . « i« luv. 

oscillator stages f j f mpui 15 of the next oscillator stage; this is the oscillator 

In a preferred embodimen.. the foUowing holds trve for ""8f, "'^ embodinent Ulustrated in FIG. 2. Tie 

the delay duration AT=l/(2 N Q, and the foUowing prefer- °'^'!^'°' ..! r '""V^S^^f °' 

ably hoids true for the signal S.(t)-S^t-AT)-kf/(2f)). o*?""'", ffS* M on the far right tn t O. 2 ts connected 

where k, e{0; 1}. Preferably k.-l.' " 25 ^ the «cillator suge mput 15 of the first o«:UlatorsUge 14 

It is thu] particularly preferred that the first signal SI f^"'. " ^ > Furthermore, 

^ f t| .u 1 . 1 c J .u J 1 T oscillator stage 14 has a setting input 19, which is 

again follows the last signal Sv and the same delay duration . . j f .u • i * . 

is provided between all the signals. signal-connected to the signal seiung mput 12. 

The invention furthermore provides an integrated circuit oscillator stage 14 compnses an inverting element or 

which comprises a signal generating device according to the 30 ^" '"^^"^^ ^^^^^ compnses a pK:hannel field^ffect 

present invention or a preferred embodiment thereof. transistor 18 and an n-channel field-effect transistor 20. 

Dunng operation, the inverter 17 requires a certain time 

BRIEF DESCRIPTION OF THE DRAWING duration until it has switched. This is the inverter delay 

Further objects, features and advantages of the present duration T/„^. 

invention will become apparent from a detailed description 35 Furthermore, the oscillator stage 14 comprises a settable 

of a preferred embodiment of the present invention with delay element 22 with a settable delay clement duration x^c- 

reference to the drawing.^, in which: In accordance with the preferred embodiment of the present 

FIG. 1 shows a schematic view of an arrangement of a invention, the delay element 22 comprises a first capacitor 

charge pump and a signal generating device in accordance 24, whose first electrode is electrically connected to the 

with a preferred embodiment of the present invention; 40 oscillator stage output 16 and whose second electrode is 

FIG. 2 shows a circuit diagram of a signal generating electrically connected to a fixed potential, preferably V^, 

device in accordance with a preferred embodiment of the i-^ potential on the integrated circuit which is provided 

present invention; for earthing. Furthermore, a second capacitor 26 is provided, 

FIG. 3 shows a liming diagram showing signals which ^^^^ electrode is electrically connected to the first 

have been generated by a signal generating device in accor- 45 electrode of the first capacitor 24 via a p-channel field-effect 

dance with a preferred embodiment of the present invention; transistor 28 and an n-channel field-effect transistor 30. The 

and field-effect transistors 28 and 30 can be driven via the signal 

FIG. 4 shows an oscillator arrangement of the prior art. ^^"^"6 input in such a way that the second capacitor 26 can 

be connected m parallel with the first capacitor 24. For this 

DETAILED DESCRIPTION purpose, an inverter 32 is furthermore provided. The second 

FIG. 1 shows a .schematic view of a charge pump and a electrode of the second capacitor 26 is likewise connected to 

signal generating device in accordance with a preferred a fixed potential, preferably the same as the second electrode 

embodiment of the invention. The signal generating device of the first capacitor. It is furthermore conceivable to design 

10 according to the invention comprises N signal outputs the delay element 22 in any other way as long as the delay 

Dj, . . . , D^r. Furthermore, the signal generating device 10 55 clement duration Xy^ can be set. 

comprises a signal setting input 12 for setting a frequency f The total delay duration AT of the oscillator stage 14 

of the signals to be generated. The frequency f may prefer- results from the sum of the inverter delay duration Zf„^ and 

ably be selected or set by means of a selection device 90, the delay clement duration Xv,^ as AT^avcf+t^v- In accor- 

which is provided in the integrated circuit and is signal- dance with the present embodiment, the delay duration AT 

connected to the signal setting input 12. As an alternative, 60 of the oscillator stage 14 is identical for all the oscillator 

the operating mode may be selected by the signal setting stages 14, 14fl, 14b, ... for a specific frequency f. Preferably, 

input 12. By way of example, a standby mode and a normal AT=l/(2'N f). However, it may also be provided that the 

mode may be provided. This case is provided in the pre- delay duration AT is different in different oscillator stages 

ferred embodiment of the present invention which is for the same frequency f. 

described below. 65 A signal output D, is connected to the oscillator stage 

The outputs Dj to of the signal generating device 10 output 16 via an inverter 34. As an alternative to the inverter, 

are preferably connected to a control signal generating unit it is possible to provide a threshold value detector which 
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switches at a prcdctcrminable threshold value, without 
inverting the incoming signal. However, each oscillator 
stage output 16 need not necessarily be connected to a signal 
output Djg. 

'Vht operation of the signal generating device according to s 
the invention in accordance with a preferred embodiment of 
the invention is described below with reference to FIGS. 2 
and 3. It is assumed here that the ring oscillator is in the 
steady-state condition, i.e. that a high or low signal is 
alternately present in each case at the oscillator stage out- jq 
puts. 

A signal generation cycle is described by way of example 
below. Firstly, it is assiuned that a high signal is present at 
the oscillator stage input 15 of the first oscillator stage 14 
and, consequently, as shown in FIG. 3, the signal S^, which 15 
is a low signal, is present at the signal output D^. A low 
signal is then fed to the oscillator stage input 15 of the 
oscillator stage 14 from the oscillator output of the last 
oscillator stage of the ring at the instant tj. As a result, the 
p-channel field-effect transistor 18 is turned on and the 20 
n-channci field-effect transistor 20 is turned off. A low signal 
is still present al the oscillator stage output 16 at this point 
in time. The capacitor 24 then starts to be charged. The time 
duration required for the charging state of the capacitor to 
exceed a predetermined threshold value is the delay clement 25 
duration Xy^- 

If the charging stale of the capacitor 24 has exceeded a 
predetermined threshold value, the inverter 34 outputs a 
signal S2 with an opposite polarity, i.e. a low signal. This is 
the instant tj in FIG. 3, 'llie high signal of the oscillator stage 30 
output 16 of the oscillator stage 14 is then also present at the 
oscillator stage input 17 of the next oscillator stage 14fl. 
Here, the n-channel field-effect transistor 20 is then turned 
on and the p-channel field-effect transistor 18 is turned off, 
so that the charged capacitor 24 of the oscillator stage 14fl 35 
starts to discharge. After the charging state of the capacitor 
24 has fallen below a predetermined threshold value, the 
inverter 34 of the signal output D3 switches and a high signal 
is output as signal S3. This is the instant t3 in FIG. 3. 

This process is carried out until the end of the oscillator 40 
stage chain shown in FIG. 3. At the end of the oscillator 
stage chain, a signal is output which is opposite to the signal 
present at the input of the oscillator stage chain. 
Consequently, the above process is initiated anew. 

A signal Sj(t) where 2^x^N can thus be expressed as a 45 
function of the signal as follows: 

in which case 

AT^ is the delay duration of the signal Sj(i) with respect so 

to s^_j(l), and 
k.e{0;l}. 

In the preferred embodiment of the present invention, 
Tx-AT-1/(2 N 0 and k^«(l+(- 1)^/2. Consequently, 
alternately becomes 0 and 1 and two successive signals S^t) 55 
output are inverted with re.spect to one another, as shown in 
FIG. 3. However, it is likewise conceivable to choose in 
such a way that the signals S^^ output are not inverted with 
respect to one another or only respectively .selected signals 

are inverted. The signal S-i(t) may furthermore be 60 
expressed as a function of the signal as follows: S,(t)o 
S^t-AT-kj/(20), where kjejO; 1}. Preferably, kj=l, so that 
the signal Sj(l) Is .shifted by AT with regard to the signal 
S^t) and is inverted with respect to the latter. 

The period duration of the signals output is equal to the 65 
time required to run through the ring twice, i.e. to generate 
a high signal and a low signal for a signal S^. 
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The frequency f can be varied by varying the duration of 
the charging process and/or discharging process of the 
capacitor of the delay element 22. For this purpose, the 
second capacitor 26 can be connected in parallel with the 
first capacitor 24. In this case, a low signal is fed via the 
signal setting input 12. 'Fhe p-channel field-effect transistor 
28 is thus turned on. Fm-thermore, a high signal output by the 
inverter 32 is present al Ihe n-channel field-effect transistor 
26, so that the latter is likewise turned on. This results in a 
parallel circuit of the capacitors 24 and 26. 

The resulting capacitance is the sum of the capacitances 
of the two capacitors 24, 26. The time required to charge this 
resulting capacitance, and hence the delay time Xy^y is 
greater than the charging time with only one capacitor. As a 
consequence, the lime required to run through all the oscil- 
lator stages of the ring oscillator once Is longer, and thus so 
is the period duration 1/f of the signals output. 
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What is claimed is: 

1. A signal generating device for a charge pump for an 
integrated circuit, the signal generating device having N 
signal outputs D^, . . . , and a signal setting input for 
setting a frequency f such thai: 

a periodic signal S^^t) can be output via the signal output 

all the signals S^(t), . . . , S^/t) have the same settable 

frequency f; and 
for X within an interval 2^x^N, 

S.(t)=S,(t-(x-l)AT,-ky(20) 
wherein AT^ is a frequency-dependent delay duration of the 
signal S^t) with respect to S;^_i(t), and k;^. €{0; 1}. 

2. The signal generating device according to claim 1, 
wherein k^(l+(-l)^)/2. 

3. The signal generating device according to claim 1, 
wherein the delay duration dJ^ equal to AT for all the 
signals 82(1), . . . , SjJ^X). 

4. The signal generating device according to claim 1, 
further comprising a mulliphcity of oscillator stages con- 
nected in a ring, the oscillator stages each having an oscil- 
lator stage input and an oscillator stage output; 
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each oscillator slagc oulpul being respectively sigaal- 

connected to an oscillator stage input of a downstream 

oscillator stage; and 
the signal outputs Dj, . . . , D^being signal-connected to 

a respective oscillator stage output of the oscillator 

stages. 

5. The signal generating device according to claim 4, 
wherein the oscillator stages each comprise a settable delay 
element for setting a delay element duration Ty^- 

6. The signal generating device according to claim 5, 
wherein the settable delay element is of capacilive design. 

7. llie signal generating device according to claim 5, 
wherein the delay element is set by a setting signal that is 
input via the signal setting input. 



8. The signal generating device according to claim 4, 
wherein the oscillator stages each comprise an inverting 
element. 

9. The signal generating device according to claim 4, 
3 wherein the number of osciUator stages is equal to the 

number of signal outputs. 

10. The signal generating device according to claim 3, 
wherein the delay duration AT is given by AT=l/(2 N f). 

11. 1'be signal generating device according to claim 10, 
wherein the signal Sj(t) Is given by Si(t)=S^t-At-ki/(2f), 
where kj ejO; 1). 

12. An integrated circuit comprising a signal generating 
device according to claim 1. 
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[57] ABSTRACT 

An integrated charge pump circuit with back bias volt- 
age reduction includes one or more diode type voltage- 
multiplier stages, with each stage having a diode-con- 
nected NMOS transistor in place of the conventionally- 
used p-n junction diode. The transistors are formed 
within a P-type well, which forms the back gate of each 
transistor within the well, and the transistor threshold 
voltages are dependent on the potential of the P-type 
well. Performance of the charge pump circuit using 
NMOS transistors is enhanced by the use of a bias cir- 
cuit which generates a bias voltage as a function of the 
output voltage generated by the charge pump circuit, 
and applies this bias voltage to the P-type well to mini- 
mize the back-body effects of the NMOS transistors. 
The bias circuit thus permits the construction of an 
integrated charge pump circuit with significantly lower 
MOS diode voltage drops than would otherwise be 
possible. 

4 Claims, 3 Drawing Sheets 
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sources roust be allowed to rise above the supply voh- 
INTEGRATED CHARGE PUMP CIRCUIT WITH age to permit the device to function as intended. 

BACK BIAS VOLTAGE REDUCTION In order to create a relatively simple, efTicient, fast 

and compact all-MOS charge pump circuit in an inte- 
BACKGROUND OF THE INVENTION 5 grated circuit, these problem inherent in the prior-art 
The invention relates generally to voltage multiplier structures must be overcome, 
circuits, and relates more specifically to an integrated SUMMARY OF THE INVENTION 

charge pump circuit with back bias voltage reduction. 

Conventional charge pump circuits, such as those It is therefore an object of the invention to provide an 
shown, for example, in FIG. 1 of this application or in ^° integrated charge pump circuit which improves effi- 
FIG. 1 of U.S. Pat. No. 4,439,692, typically employ a ciency, speed, simplicity and compactness as compared 
plurality of series-connected diodes having an input to existing circuits. 

terminal, an output terminal and one or more irttermedi- In accordance with the invention, this object is 
ate terminals, with each intermediate terminal being fed achieved by a new integrated charge pump circuit hav- 
by a capaciiively-coupled driver. Since the purpose of ing at least one diode type voltage-multiplier stage in* 
this circuit is to provide a voltage muhiplication, the corporating a diode-configured NMOS transistor fabri- 
series-connected diodes in the charge-pump circuit cated in a P-type well which surrounds the NMOS 
must withstand voltages which exceed the normal transistor and forms its back gate. The improved physi- 
power supply voltage range. When a charge pump operational characteristics of the invention are 

circuit is required in MOS devices fabricated using 20 ^^j^jg^^^ making the NMOS transistor a relatively 
standard MOS process technology, it becomes difficult low-threshold transistor, and by using a bias circuit to 
to isolate the relatively high-voltage p-n junctions of generate a bias voltage which is less than the back bias 
these diodes, and additional process steps are usually y^i^^^^ generated by the charge pump circuit. This bias 
necessary. u • 7^ circuit is advantageous in that it allows the P-type well 

One possible solunon to this P^°^;e"^ to be biased at its highest possible potential without 

U.S. Pat. No, 4,439.692. is to use MOS-configured di- ^ ^^j, ^^^^ 

odes (MOS transistors ^^.^"^^^^^^^^^ to source juncfion In th^ manner, the voltage differ- 

conventional diodes of the prior an charge pump cir- -» vixxr^c t^o«c;ci/^r< o«h 

cuit. However, because these MOS-configured diodes ence between he source of the NMOS t^a^^^^^^^ 

typically have a larger diode drop (several volts as 30 ^'^^P^ ^^^1,^^" ^^^^^^^ 

compared with the 0.7 volt of a convemional-p-n junc- bias voltage which further reduces the threshold of the 

tion). the voltage-multiplying capability of the charge NMOS transistors to resuh m a structure which offers 

pump is substantially degraded. In other words, to performance in an all-MOS charge pump which ap- 

achieve a given output voltage level from the charge proaches that of prior-art p-n junction diode circuits, 

pump, the number of cascaded stages in an all-MOS 35 In a preferred embodiment of the invention, the 

charge pump, would be greater than the number of threshold of the diode-configured transistors is selected 

stages in the conventional p-n junction diode circuit. to be relatively low (less than one voltage at zero back- 

This results in a slower, more complex circuit which body bias). 

occupies additional silicon area. Thus, using prior-art The bias circuit used to generate the bias voltage in 
technology, there are substantial drawbacks connected 40 the charge pump circuit may advantageously be com- 
with the otherwise-desirable use of MOS technology in posed of a further NMOS transistor connected as a 
fabricating charge pump circuits. source follower, with its gate being connected to an 
There are two basic reasons for the relatively large output terminal of the charge pump circuit and its 
diode drops in MOS-configured diodes. First, in MOS source being coupled, through a resistor, to the P-type 
process technology, it is conventional to use a thre- 45 ^gll in which the back gates of the diode-connected 
shold-implant step to force the threshold voltage to j^q§ transistors are formed. This configuration allows 
between about 1 and 2 volts. Thus, for example, in U.S. ^^iq P-well to always be biased one gate-to-source volt- 
Pat. No. 4,439,692, all of the transistors in the charge ^^^^ resistor drop below the output terminal 
pump circuit 18 in FIG. 3 are designated as "H" (hard) voltage of the charge pump when the output is less than 
transistors. In this context, a **hard" transistor IS deemed 50 jy voltage, and biased just one resistor drop 
to be one which has a substantially larger positive or ^^^^^^ ^^^^^^ ^j^^^ ^j^e output is above the 
negative threshold voltage than that of a so-called ^^^^^ ^y^^ resistor drop can be 
"soft" transistor. Thus, as shown m FIG. 4 of U.S. Pat. ^^^^ ^ ^^j^^ ^his 
No. 4.439.692. soK:a led "hard " transistors may have a ^.^.^.^^ ^^^^ ^^^^ 
threshold voltage of about +1 volt enhancem^^^^^ 55 ^^^^^^^ ^^^^^^ conduction 

lor aepieuon muuc x-t, i a in i ,,^u,„^ ac Pump s OFF. The invention may be more completely 

transistors have a relatively low threshold voltage, as ^ . r .C- r^ii«...;«^ aL*^i\^a 

the -hard- transistors are by defmition those which understood with reference to the foUowmg detailed 
have a more negative or more positive threshold volt- 60 descnption, to be read m conjunction with the accom- 
age value. P^y>"S drawing. 

Secondly, the threshold voltage is further increased BRIEF DESCRIPTION OF THE DRAWING 

by a large body effect caused by large source-io-sub- . . 

strate voltages in integrated circuits employing MOS FIG, 1 shows a schematic circuit diagram of a pn- 
transistors in the charge pump circuit. This effect oc- 65 orari charge pump circuit; 

curs because the sources of the MOS transistors cannot FIG. 2 shows a schematic circuit diagram of an all- 
be tied to the P-wcIl substrate in which the transistors MOS charge pump circuit in accordance with the m- 
(typically NMOS devices) are fabricated because the veniion; and 
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FIG. 3 shows a simplified cross section of a semicon- 
ductor device that is used in the integrated charge pump 
circuit in accordance with the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1 shows a conventional prior-an charge pump 
circuit 10 employing series-connected p-n junction di- 
odes 100. 102 and 104. Power supply voltage Vfcis fed 
to the anode of diode 100 through switching transistor lo 
106 and the output voltage of the charge pump is gener- 
ated at the cathode of diode 104, as shown by the sym- 
bol \out. The intermediate points in the diode siring are 
connected to capacitors 108 and 110, which are in turn 
driven by inverters 112, 114 and 116, and NOR gate 118 j5 
having inputs V^j^and Vf/jt. The circuit is turned ON 
and OFF by MOS transistors 106 and 120, which serve 
respectively to connect the anode of diode 100 to the 
power supply and disconnect the output terminal Vo„, 
when the circuit is OFF, with the switching being ac- 20 
complished as a function of the signal Vc// applied to the 
gates of transistors 106 and 120. The capacitance of the 
load connected to the terminal V^u/ is shown schemati- 
cally by a capacitor 122 connected between the output 
terminal and ground by a dotted line. ^5 

The prior-art circuit of FIG. 1 operates in a conven- 
tional manner similar to that of charge pump 18 in FIG. 
1 of U.S. Pat. No. 4,439,692, and accordingly will not be 
described in detail. Briefly, however, the circuit oper- 
ates as follows. 

Vclk is a high frequency clock signal (about 1 MHz) 
that feeds the input of inverters 112 and 116. Vof/xs a 
control signal which, when high, disables the charge 
pump by blocking the Vf-z/t signal and by discharging the 
load capacitor 122. When Vo/y-is low, the Vclk signal is 
allowed to pass through gate 118; transistor 106 turns 
on, and 120 turns off. In this state, the charge pump is 
on: node Vo„, is first pulled to a value 3 diode drops 
below Vcc'. alternating pulses that drive capacitors 108 
and 110 at the Vclk frequency effectively deliver charge 
packets that further drive up the voltage 

V out across 

capacitor 122. The unidirectional connection of the 
diodes (100. 102. 104) forms a voltage multiplying cir- 
cuit that forces charged to flow only in the direction of 
the output. 

With this scheme, it can be shown that the achievable 
steady state value of 

where is the output swing of inverting drivers 112 50 
and 114, and V^is the diode drop across diode 100, 102, 
or 104. Thus it can be seen that Vout is maximized if the 
diode drops are minimized. 

In conventional charge pump circuits such as the one 
shown in FIG. 1, the node voltages at p-n junction 55 
diodes lOO, 102 and 104 will exceed the supply voltage 
Vcc When this type of circuit is implemented in an 
MOS structure, using standard MOS processed technol- 
ogy, it becomes difficult to isolate these high-voltage 
p-n junctions and additional process steps are usually 60 
required. One way to overcome these problems is to 
substitute MOS-configured diodes for the p-n junction 
diodes in the charge pump circuit, as shown for example 
in U.S. Pat. No. 4.439,692. However, because MOS 
transistors typically have larger diode drops (several 65 
volts as compared to 0.7 volts for a typical p-n junc- 
tion), the voltage-multiplying capability of the charge 
pump circuit is substantially degraded. To achieve a 



given output voltage from the charge pump, the num- 
ber of cascaded stages would have to be increased when 
using MOS transistors instead of p-n junction diodes. 
This has a very adverse affect on the speed of operation 
of the circuit, and requires additional silicon area as 
well. 

The main reason for this relatively large MOS diode 
drop, and the resulting degradation in performance, is 
that the source of the MOS devices in the charge pump 
cannot be tied to the P-well substrate because the 
source must be allowed to rise above the supply voltage 
during operation. This problem, present in prior-art 
MOS charge pump circuits such as those disclosed in 
U.S. Pat. No. 4,439,692, results in larger, slower and less 
efficient implementation of charge pump circuitry. 

FIG. 2 shows an improved charge pump circuit 20 in 
accordance with the invention, in which the aforemen- 
tioned problem is largely eliminated, thus resulting in a 
faster, smaller and thus more efficient all-MOS charge 
pump circuit implementation. It should be noted that 
while a two-stage charge pump circuit is shown in FIG. 
2, charge pump circuits in accordance with the inven- 
tion can also be fabricated with only one stage, or with 
more than two stages. Also, for clarity, components in 
FIG. 2 having counterparts in FIG. 1 are provided with 
reference numerals having the last two digits the same 
as those of the corresponding components in FIG. 1. 

In FIG. 2, the basic charge-pump circuit with its 
capacitively-coupled drivers (shown in the top portion 
of the figure) is the same as that of FIG. 1, except that 
the p-n junction diodes 100, 102 and 104 have been 
replaced by diode-connected MOS transistors 200, 202 
and 204, respectively. In accordance with the invention, 
and. contrary to the teaching of the prior art, these tran- 
sistors can advantageously be low threshold unim- 
planted NMOS transistors* with a threshold voltage of 
less than one volt. Such transistors can be easily fabri- 
cated without using additional masks, in a double-poly 
process, by forming the gates of the transistors with a 
poly-layer that is provided before the threshold implant, 
thereby effectively shielding the implant from the chan- 
nel. 

Additionally, a new bias circuit, shown in the lower 
portion of FIG. 2, provides a reduced back-bias voltage 
for the P-well in which the diode-connected MOS tran- 
sistors 200, 202 and 204 are fabricated, when the charge 
pump is ON. Additionally, this bias circuit prevents 
forward conduction in the P-well to bulk junction when 
the charge pump is OFF. Physically, the back gate 
terminals of the diodes can be either the individual 
p-wells of the diodes, as shown in FIG. 3, electrically 
tied together, or they can be one common p-well sur- 
rounding all three diodes. By way of example, FIG. 3 
shows a simplified cross-section of a representative 
diode-connected transistor, here transistor 200 of FIG. 
2, In transistor 200» a substrate 300, here of n-type con- 
ductivity, is provided with a highly-doped n type 
contact layer 302 and a p type well 304. Drain and 
source regions 306 and 308 of n type conductivity are 
provided in the well 304. along with a p type back-gate 
contact 310. An insulating layer 312, typically of silicon 
dioxide, is provided over the top surface of the device, 
and is provided with apertures for contacting the drain, 
source and back gate contact. A gate electrode 314 is 
provided over a portion of the insulating layer 312 hav- 
ing reduced thickness, and the gate electrode is con- 
nected to drain region 306. For clarity, corresponding 
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lerminals A, B, C and D of transistor 200 are shown in 
both FIG. 2 and FIG. 3. Alternatively, as noted above, 
all of the diode-connected transistors can be fabricated 
in a single p type well. 

In the circuit of FIG. 2, the output voltage Vout is 5 
taken from the output region of the device and is pro- 
vided to the gate of an additional MOS transistor 224 
which is connected in a source follower configuration 
with its channel connected between the supply voltage 
Vce and one end of a resistor 226. The other end of 10 
resistor 226 is connected to one terminal of a current 
source 228, the other terminal of which is connected to 
ground. The output of the bias circuit is taken at the 
junction between the resistor 226 and the current source 
228, and the bias voltage developed at this point is des- 1 5 
ignated as V^- The bias voltage V^is then applied to the 
back gates of transistors 200, 202, 204, and 224 within 
the P-well. with capacitor 230, shown in dotted lines in 
FIG. 2, representing the capacitance of the P-well. 
Finally, an additional transistor 232 is provided to dis- 20 
charge the bias voltage to ground when the charge 
pump is turned OFF, while the charge pump output 
voltage Voui is discharged to ground by transistor 220 

In each phase of operation, it is important that the 
p-well potential of the MOS diodes remain below the 25 
Vcc potential and always be lower than the lowest 
source of drain node potential of these transistors, be- 
cause otherwise parasitic p-n junctions can be activated 
that can result in destructive latch-up of the circuit. AT 
the same lime, it is important that the p-wel! potential be 30 
as high as possible in order to minimize the back body 
effect, and thus the threshold voltages, of these diodes. 
The bias circuit shown in FIG, 2 allows the p-well 
potential to be biased at least one gate-to-source voltage 
below the lowest source potential of the diodes when 35 
Vout is still below Wcc (during the transient charging 
phase of the output), and be biased at about Vcc when 
Vou, is above V^^ (during steady state). 

The bias voltages can be further reduced by adding 
an optional resistive drop via resistor 22 so that the 40 
amount of body effect, and thus the threshold voltage, 
of the MOS diode can be tailored to realize an exact 
value of the output at steady state. 

The bias circuit receives a voltage V^^; at the gate of 
source-follower transistor 224, and generates a bias 45 
voltage which is roughly equal to Vfc-l228XR226. 
Thus, the bias voltage can be precisely controlled in 
order to optimize the diode drops across the MOS-con- 
necied transistors 200. 202 and 204. When the charge 
pump is turned OFF. transistors 220 and 232 are acti- 50 
vated by the voltage Vof/^ thereby discharging both 
Vout and to ground. It should be noted that if the 



particular circuit application does not require the bias 
voltage to be well controlled, then the value of resistor 
226 can be set to zero without sacnilcing the benefit to 
be derived from the invention. 

In order to insure that Vout will not discharge faster 
than Vby which might forward bias the P-well to the 
output region junction of transistor 204, the width-lo- 
length ratio W/L of transistors 220 and 232 can be 
proportioned in accordance with the ratio of the load 
capacitance 222 to the P-well capacitance 230. 

While the invention has been particularly shown and 
described with reference to a preferred embodiment, it 
will be understood by those skilled in the art that vari- 
ous changes in form and detail, such as using a charge 
pump with a different number of stages, or using differ- 
ent polarity devices may be made without departing 
from the spirit and scope of the invention. 

What is claimed is: 

1. An integrated charge pump circuit comprising an 
output terminal for outputting a back bias voltage and at 
least one diode-type voltage-multiplier stage having a 
diode-configured NMOS transistor, a P-type well sur- 
rounding said NMOS transistor and forming the back 
gate thereof, said NMOS transistor being a low-thre- 
shold transistor, and a bias circuit for continuously gen- 
erating a bias voltage as a function of and less than said 
back bias voltage to be applied to said P-type well and 
having an input connected to and having an input signal 
derived continuously from said output terminal and an 
output connected to and providing an output signal 
continuously to said P-type well. 

2. An integrated charge pump circuit a claimed in 
claim 1, wherein the threshold voltage of said diode-, 
configured transistor is less than about one volt at zero 
back gate bias. 

3. An integrated charge pump circuit as claimed in 
claim 1, wherein said bias circuit comprises a further 
NMOS transistor connected as a source-follower, the 
input of said source follower being connected to said 
output terminal and the output of said source follower 
being coupled to said P-type well. 

4. An integrated charge pump circuit as claimed in 
claim 3, further comprising a resistor and a current 
source connected in series, a first terminal of said resis- 
tor being connected to the source of said further NMOS 
transistor, a second terminal of said resistor being con- 
nected to a first terminal of said current source and 
forming the output of said source follower, a second 
terminal of said current source being connected to 
ground, and the drain of said further NMOS transistor 
being connected in operation to a source of voltage. 

***** 
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[57] ABSTRACT 
A MOSFET voltage booster circuit generates a 
stepped up DC voltage from a lower magnitude supply 
voltage and a periodic input signal. A plurality of such 
MOSFET voltage booster circuits, which are formed 
only from components integrated in the MOSFET in- 
tegrated circuit chip, may be formed on the chip near 
corresponding sections of circuitry requiring a high 
DC bias signal. A free-running oscillator circuit may 
provide the required periodic input signal. 

9 Claims, 8 Drawing Figures 
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MOS DC VOLTAGE BOOSTER CIRCUIT 
BACKGROUND OF THE INVENTION 

MOS large scale integrated circuits have become 
increasingly popular in the electronics market because 
of their ability to provide high component densities at 
low cost per function at moderate speeds and relatively 
low power dissipation. However, for optimum perfor- 
mance, a plurality of relatively high power supply lines, 
commonly designated VDD and VGG as well as the 
ground conductor have been required. Improvements 
in the state-of-the-art MOSFET processing techniques 
have been developed to provide MOS chips which 
operate from the same relatively low voltage, for exam- 
ple, 5 volts, as popular bipolar integrated circuit logic 
families, for example, TLL, etc. However, it has been 
difficult to obtain the required circuit speeds for MOS 
LSI circuits at such low power supplies. Further, with 
the very high component density on MOS LSI inte- 
grated circuit chips, a large number of circuit functions 
per chip are obtainable, and a serious problem exists in 
providing enough leads and bonding pads for the semi- 
conductor package and chip to provide the necessary 
signals for operation of the complex logic functions. 
Further, at such low power supply voltages, variations 
in the MOS processing parameters; especially the MOS 
threshold voltage V to become more significant, mak- 
ing fsLT more difficult the design of certain logic circuits 
on the chip under worst case conditions. Further, at 
such low power supply vohages, the voltage drops 
across the long metallization lines on the chip which 
distribute the supply voltage become significant and 
make more difficult design of logic elements located 
distant from the power supply bonding pad. In some 
cases, bootstrap inverter circuits and drivers have been 
used to produce high voltage pulses which provide the 
additional required drive to particular MOSFETs, usu- 
ally MOSFET load devices, which need to generate a 
large magnitude signal with a fast rise time. But the 
variation and the magnitude of such pulses with pro- 
cessing variations has usually been in the opposite 
sense required for optimum circuit design. Further, 
race conditions normally associated with digital pulse 
generating circuitry furtfier compound the problem of 
getting adequate high voltage signals to particular 
MOSFETs for the required period of time. 

It is an object of the invention to provide an im- 
proved voltage booster circuit. 

It is a further object of the invention to provide a 
voltage booster circuit fabricated with metal oxide 
semiconductor field effect transistors (MOSFETs). 

It is a further object of the invention to provide an 
integrated circuit chip with at least one internal circuit 
v/hich generates a DC voltage greater in magnitude 
tlian any voltage externally applied to the integrated 
circuit chip. 

It is a further object of the invention to provide an 
integrated circuit chip with a plurality of internal volt- 
age booster circuits which are located so as to distrib- 
ute the stepped up DC voltage to nearby portions of the 
circuit requiring such stepped up voltage. 

SUMMARY OF THE INVENTION 

ribed, the invention provides a voltage 
LC Viler circuit for producing a stepped up voltage at an 
output node thereof and includes, in one embodiment, 
a ficM effect transistor load device coupled between 
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the supply voltage conductor and a capacitor, the op- 
posite node of which is coupled to a periodic signal or . 
clock signal. From the junction between the load field 
effect transistor and the capacitor is a diodeconnected 

5 field effect transistor, the source of which is connected 
to the output node. In one embodiment of the inven- 
tion, a voltage regulator circuit is connected to the^ 
output node, and includes at least one diode-connected 
field effect transistor coupled between a power supply 
and the output node; the source being connected to the 
output node, and in parallel contains at least one diode- 
connected field effect transistor coupled in the oppo- 
site sense between the output node and the power sup- 
ply conductor. In another embodiment, a second load 
field effect transistor and capacitor are coupled in se- 
ries between the power supply conductor and a second 
clock signal conductor, and a second diode-connected 
field effect transistor is coupled between the output 
node and the junction between the second load field 
effect transistor and the second capacitor. In another 
embodiment, a first feedback transistor is coupled in 
parallel with the first load field effect transistor and has 
its gate connected to the second junction, and a second 

25 feedback field effect transistor is coupled in parallel 
with the second load field effect transistor and has its 
gate connected to the first junction. In another embodi- 
ment of the invention, the above-described voltage 
boosters are provided on an integrated circuit chip to 

3Q provide a stepped up bias voltage to a portion of the 
circuitry on the chip. In another embodiment, a free- 
running oscillator on the chip provides the required 
periodic clock input signal. In another embodiment, 
back-to-back bootstrap inverters have a capacitor ter- 

35 minal of the feedback capacitance thereof connected 
to a diodeconnected field effect transistor which 
charges the output capacitance associated with the 
output node. This reduces the capacitive loading on the 
clock signals. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. lA is a schematic diagram of a preferred em- 
bodiment of the invention. 

FIG. IB is a clock diagram representing a firee-run- 
45 ning oscillator which generates the periodic signals 
required by the embodiment of FIG. lA. 

FIG. IC is a diagram illustrating a typical application 
of the voltage booster circuit of FIG. 1 A. 

FIG. ID is a diagram representative of an integrated 
50 circuit chip incorporating the oscillator of FIG. IB and 
the voltage booster circuit of FIG. lA to provide a 
stepped up voltage on the mtegrated circuit chip. 

FIG. 2 is a timing diagram useful in describing the 
operation of the embodiment of FIG. lA. 
55 FIG. 3 is a schematic diagram of another embodi- 
ment of the invention which produces a stepped up 
voltage higher in magnitude than the embodiment of 
FIG, lA, 

FIG. 4 is a schematic diagram of an alternative em- 
60 bodiment of the invention which produces less capaci- 
tive loading on the clock signal lines than the embodi- 
ments of FIG. lA and FIG. 3. 

FIG. 5 is a diagram representative of an integrated 
circuit chip having a plurality of voltage booster cir- 
65 cuits as in RGS. 1 A, 3, or 4 which generate separate 
stepped up voltages which are distributed to separate 
appropriate portions of circuitry on the integrated cir- 
cuit chip. 
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DESCRIPTION OF THE INVENTION ' ^""^ conductor 16. Capacitors 26 and 46 

• ' - may be MOS enhancement capacilors. as schematically 

FIG. lA is a schematic diagram of a preferred em- illustrated in FIG. lA. An enhancement capacitor con- 
bodiment of the invention. In FIG. lA, voltage booster sists of a gate conductor, such as conductor 28, ovcriy- 
circuit 10 includes a first section including capacitor 26 5 jng a thin gate oxide layer, which in turn overlies a 
coupled between input signal conductor 14 and node A channel region. The gate conductor overlaps a source 
and MOSFETs (metal oxide semi-conductor field ef- region 32 and a drain region 30 which are separated by 
feet transistors) 22 and. 24 coupled between supply the channel region. The source and drain regions can 
voltage conductor 12 and node A, and diode-con- be shorted together as shown to form one terminal of 
nected MOSFET 34 coupled between node A and out- 10 the capacitor while the gate electrode forms the other 
put node C. (A diode-connected MOSFET is one in terminal. The main advantage to using enhancement 
which the gate and drain electrodes are .connected capacitors is their compatibility with conventional 
together). Output node C is connected to output con- MOS manufacturing processes, 
ductor 18. An output capacitor 20 represents a capaci- Utilization of the symmetrical circuit configuration 
tance associated with conductor 18 and is coupled 15 as shown in FIG. 1 A and use of a phase-separated input 
between conductor 18 and ground supply conductor signals 01 and 02 allows advantageous use of the illus- 
13. trated cross-coupling technique between MOSFETs 22 

The MOSFETs described herein may be, in a pre- and 42, which are referred to herein as feedback de- 
ferred embodiment, N-channel MOSFETs. A supply vices. The^gate of MOSFET 22 is connected to node B 
voltage commonly designated VDD, may be applied to 20 and the gate of MOSFET 42 is connected to node A. 
conductor 12, and may be approximately 5 volts. It is These skilled in the art will recognize that in the ab- 
frequently required that a bias voltage greater in mag- sense of MOSFETs 22 and 42, load MOSFETs 24 and 
nitude than VDD be available to certain portions of an 44, respectively, are capable of charging nodes A and 
MOS LSI (large scale integrated) circuit and a separate B, respectively, only to the voltage which is a threshold 
bonding pad is commonly provided on an integrated 25 voltage drop less in magnitude than VDD. However, as 
circuit chip to allow such a voltage, commonly desig- explained subsequently herein, feedback MOSFETs 22 
nated VGG, to be distributed on the semiconductor and 42 permit nodes A and B, respectively, to be 
chip where it is needed. However, this requires an extra charged all the way to VDD volts, 
pin on the package and an extra bonding pad which The operation of the embodiment of FIG. 1 A is ex- 
could advantageously be used to provide a functional 30 plained with reference to FIG. 2; the operation of addi- 
input or output signal to the circuit if the VGG bias tional embodiments subsequently described herein is in 
voltage could be generated internally. essential respects entirely similar. The input signals 01 

If a periodic signal 01 is applied to clock signal con- and 02 of FIG. 2 may be applied to clock signal con- 
ductor 14, a boosted, rectified signal will appear at ductors 14 and 16, respectively, and as shown, are 
output conductor 18, as will be described hereinafter 35 non-overlapping signals. Waveform A appears at node 
with reference to the timing diagram of FIG. 2. How- A of FIG. lA. Initially, if node A is at zero volts, node 
ever, it is important to note that a boosted, rectified A is charged up through MOSFET 24 to VDD -Vth 
signal can be achieved only with the elements thus far volts, where Vth is the threshold voltage of MOSFET 
described, exclusive of MOSFET 22. However, para- 24; this transition is indicated by point M on waveform 
sitic leakage currents may result in undesired "ripple" 40 a. When the first 01 pulse occurs, the charge on capac- 
on the output voltage on node C, and variations in itor 26 tends to cause the voltage across capacitor 26 to 
processing parameters may result in an output voltage be constant during the leading edge of the first <^1 
which varies in the wrong direction as a function of pulse. This causes the voltage at node A to be boosted, 
such processing parameters. The amount of ripple can The charge on capacitor 26 is redistributed between 
be decreased, a desirable amount of regulation 45 the parasitic capacitance of node A (not shown) and 
achieved, and a higher magnitude of output voltage capacitor 20 through unidirectional diode-connected 
may be accomplished by addition of the components MOSFET 34, thereby causing node C to be further 
next to be described. charged up. The waveform at node C is shown by wave- 

A regulating circuit 39 is coupled between output form C of FIG. 2. When the initial pulse of signal 01 
node C and conductor 12 in FIG. lA, and -includes 50 disappears, node A falls back to VDD -Vth volts, and 
diode-connected MOSFET 40 having its gate arid drain is maintained at that level by MOSFET 24, which 
connected to conductor 12 and its source connected to charges enhancement capacitor 26 up again. However, 
output node C. Regulating circuit 39 also includes node C remains essentially at the voltage it was charged 
diode-connected MOSFETs 36 and 38 connected in . up to, since diode-connected MOSFET 34 prevents any 
series between conductor 12 and output node C, the 55 loss of charge on capacitor 20 to node A. When the 
source of MOSFET 36 being connected to conductor first 02 pulse occurs, the waveform B, which appears at 
12 and the gate and drain thereof connected to the node B, responds in an entirely similar fashion, further 
source of MOSFET 38, the gate and drain of tlie latter charging up output capacitor 20. The resulting wave- 
being connected to output node C. As is explained form on output node C, which is at the same potential 
hereinafter, additional * diode-connected MOSFETs 60 as output conductor 18 is shown in FIG. 2 as waveform 
may be connected in series with MOSFETs 36 and 38 C. The slight ripple effect on waveform C would occur 
to achieve the type of regulation desired. if any parasitic leakage currents existed which would 

A second section of voltage booster circuit 10, sym- tend to discharge the potential at output node C be- 
metrical to the first section, includes MOSFETs 42 and tween clock pulses. Of course, there is no requirement 
44 coupled between supply voltage conductor 12. and 65 that the relationship between clock signals 01 and 02 
node B, and also includes diode-connected MOSFET . be as illustrated in FIG. 2. In fact, they may be in phase ' 
48 coupled between node B and- output node C and or at different frequencies, and overlap. But if overlap- 
further includes capacitor 46 coupled between node B ping clock pulses arc used, MOSFETs 22 and 42 must 
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be eliminated. The intermediate levels of waveform A 
(and B), as previously mentioned, are VDD -Vth volts 
in the absensc of MOSFETs 22 and 42: However, if 
node A is at VDD -Vth volts, and 02 pulse occurs and 
boosts the voltage at node B to approximately VDD 
-Vth plus 02 volts. MOSFET 22 will be sufficiently 
overdriven to further charge node A up to VDD volts. 
Similarly, the intermediate level of node waveform B is 
boosted to VDD volts by the action of MOSFET 42 
when a 01 pulse occurs. Therefore, the boosted output 
voltage Vovr at output node C, in absence of clamping 
regulator circuit 39, is then equal to the peak voltages 
at nodes A and B. That is, the voltage at output node C 
is equal to V^,^ plus the magnitude of the 01 and 02 
(assuming they are of the same magnitude) minus V^/j, 
the threshold voltage of MOSFETs 34 and 48. In other 
words, the boosted output voltage V^tT »s given by the 
equation yo(rr= yDD+/<l>/-^thy where /<}>/ is the magni- 
tude of 01 and 02. 

The operation of the regulator circuit 39 acts to limit 
the voltage at output node C in two ways. First, MOS- 
FET 40 prevents VotT from falling below VDD -Vth 
volts. Secondly. MOSFETs 36 and 38 prevent Wqut 
from being boosted to more than VDD plus 2 Vth volts. 
Of course, additional MOSFETs may be placed in se- 
ries with either MOSFETs 36 or 38 or MOSFET 40 to 
provide the desired limits. This regulating scheme pro- 
vides a great advantage in worst case design of MOS 
circuits in that the VGG bias voltage required for bias- 
ing load devices of MOS logic gates and inverters and 
the like is preferably regulated in such a way that for 
large MOS threshold voltages VGG is large in magni- 
tude, while for small MOS thresholds VGG is relatively 
less in magnitude. For a more complete discussion of 
the considerations of worst case design conditions for 
MOSFET load devices, see copending application. Set. 
No, 475,376, by the .same inventor and filed on even 
date herewith. FIG. Ic schematically depicts the ar- 
rangement thus suggested, in which voltage booster 
circuit 10 has its output terminal 18 connected to the 
gate of MOSFET 61, which is the load device of an 
MOS logic gate including MOSFET 61 and additional 
MOSFET circuitry 59 coupled between the source of 
MOSFET 61 and ground conductor 13. Improved 
power dissipation, circuit speed, and noise margin per- 
formance results from the suggested combination, 
wherein regulator 10 is the device shown in FIG. lA 
including the regulator 39. 

As previously suggested, the clocking input signals 01 
and 02 do not have to be square wave signals as in FIG. 
2, but rather may be signals generated by an oscillator 
coupled between voltage supply conductor 12 and 
ground conductor 13. As shown in FIG. ID, free-run- 
ning oscillator 52 may be provided on integrated circuit 
chip 60, which may in turn drive voltage booster circuit 
10, as in FIG. lA, which in turn provides a bias voltage 
which is distributed to various load devices and the like 
in MOSFET circuitry on a portion 62 of integrated 
circuit chip 60. 

The following table lists typical values for the devices 
in FIG. lA which have been used in a successful imple- 
mentation of the circuit. 



MOSFET 
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CHANNEL WIDTH CHANNEL LENGTH ( MiU) 



48 

42. 44 



10 



25 



30 



35 



40 



45 



55 



(Mils) 
1.0 
1.0 



MOSFET 



CHANNEL WIDTH CHANNEL LENGTH (Mils) 



22 
24 
34 

36. 3S. 40 



<MiN} 
1.0 
1.0 
I.O 
1.0 



.3 
.3 
.3 
.3 



Enhanced capacitors 26 and 46 may have an area of 
approximately 12 square mils. 

FIG. 3 schematicaily depicts another embodiment of 
the invention which is entirely similar in operation to 
that of FIG. lA, and where applicable the same refer- 
ence numerals have been used. It differs from the em- 
bodiment of FIG. lA mainly in the addition of diode- 
'5 connected MOSFETs 72 and 74 coupled, respectively, 
between the source of MOSFET 34 and node C and the 
source of MOSFET 48 and node C. Further, enhanced 
capacitor 76 has been coupled between the source of 
MOSFET 34 and clock signal conductor 16, and en- 
20 hancement capacitor 78 has been coupled between the 
source of MOSFET 48 and clock signal conductor 14. 
In this embodiment, the intermediate level at waveform 
A is boosted by the action of a 01 pulse and enhanced 
capacitor 26 so that the charge on capacitor 26 is redis- 
tributed through MOSFET 34 and is trapped on node 
D. If the magnitude of 01 is approximately equal to 
VDD, the magnitude of the DC voltage on node D is 
approximately twice that of the intermediate level at 
node A. The currents of a 02 pulse further boosts the 
DC voltage at node D by the action of capacitor 76, as 
charges distributed through MOSFET 72 to node C 
thus, the voltage of node C is approximately equal to 
VDD plus the magnitude of 01 plus magnitude of 02 
plus the magnitude of 02 minus 2 Vth. 

The embodiment of FIG. 4 illustrates a voltage 
booster circuit in which the capacttive loading on clock 
signal conductors 14 and 16 may be reduced some- 
what. The circuit includes a first MOS bootstrap in- 
verter circuit including MOSFETs 74, 76, 72, and feed- 
back capacitor 78. The voltage at A' has an intermedi- 
ate level of approximately VDD-Vvolts, and is boosted 
to approximately twice this value when MOSFET 72 is 
off at a combined action of feedback capacitor 78 and 
the pull up action of MOSFET 74. This voltage dimin- 
ished by the threshold voltage of MOSFET 34 appears 
as a DC voltage trapped on node C, The symmetrically 
connected bootstrap inverter including the MOSFETs 
82, 84, and 81 and feedback capacitor 86 and diode- 
connected MOSFET 36 provide increased efficiency 
by reducing the ripple voltage magnitude if substantial 
leakage currents at node C exists. The gate capacitance 
of MOSFETSs 72 and 81 can be substantially less than 
the capacitance of enhanced capacitors 26 and 46 of 
FIG. lA, so that the capacitive loading to be charged 
up by the signals 01 and 02 is substantially reduced. In 
some cases this may offer advantages. 

FIG. 5 illustrates an integrated circuit chip 90 which 
includes several voltage booster circuits 10 and 10', 
which may be any of the voltage booster circuits de- 
scribed herein. In FIG. 5, voltage booster circuit 10 and 
10' are coupled between supply voltage conductor 12 
and the ground conductor 13 (not shown in FIG. 5). 
The output voltages VGG and VGG' appear, respec- 
^5 tively, at output nodes 18 and 18' and independently 
supply a bias voltage to MOS circuits 92 and 94, re- 
spectively, on different portions of the surface of inte- 
grated chip 90. As mentioned previously, this scheme 
of providing a plurality of voltage boosters where re- 



3,942,047 



quired on an integrated circuit chip makes an addi- 
tional bonding pad and package lead available for sig- 
nal processing purposes, and allows provision of 
boosted input voltages of different magnitudes to suit 
different requirements on the chip, and provides an ^ 
independent degree of voltage regulation for each 
which, as described earlier, may offer substantial de- 
sign advantages in accomplishing optimum worst case 
circuit design with respect to manufacturing processing 
parameters such as MOS device threshold voltage. 
I claim: 

1. A voltage booster circuit coupled to a supply volt- 
age conductor including a first MOSFET coupled be- 
tween said supply voltage conductor and a first node 
for charging capacitance associated with the first node, 
a capacitor coupled between the first node and a first 
clock signal conductor, and a first diode-connected 
MOSFET coupled between the first node and a second 
node, the voltage booster circuit comprising: 

a second diode-connected MOSFET having its gate 
and drain coupled to said supply voltage conductor 
and its source coupled to said second node, and 
third and fourth diode-connected MOSFETS cou- 
pled in series between said second node and said 
supply voltage conductor, the source of said fourth 
diode-connected MOSFET being coupled to said 
supply voltage conductor, the gate and the drain of 
said third diode-connected MOSFET being cou- 
pled to said second node. 

2. A voltage booster circuit, coupled to a supply 
voltage conductor, for producing a stepped up voltage 
comprising: 

first field effect transistor load means coupled be- 
tween said supply volUge conductor and a first 
node for charging capacitance associated with said 
first node; 

capacitive voltage boosting means coupled to said 
first node and a first clock signal conductor for 
boosting a voltage on said first node; 

diode-connected field effect transistor circuit means 
coupled between said first node and a second node 
for transferring charge from said first node to said 
second node to charge up the capacitance associ- 
ated with said second node; 

second field effect transistor load means for charging 
a third node coupled between said supply voltage 
conductor and said third node; 

second capacitive voltage boosting means for boost- 
ing a voltage on said third node coupled between a 
second clock signal conductor and said third node; 
and 

second diode-connected field effect transistor circuit 
means for transferring charge from said third node 
to said second node coupled between said third 
node and said second node. 
3. The voltage booster circuit as recited in claim 2 
further including first field effect transistor feedback 
load means for charging the voltage on said first node 
to the voltage on said supply voltage conductor means 
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coupled between said supply voltage conductor means 
and said first node and also coupled to said third node 
and being responsive to the voltage on said third node, 
and second field effect transistor feedback load means 
for charging the voltage on said third node to the volt- 
age on said supply voltage conductor means coupled 
between said supply voltage conductor means and said 
third node and also coupled to said first node and being 
responsive to the voltage on said first node. 

4. A voltage booster circuit for producing a stepped 
up voltage at an output voltage node comprising: 

first MOSFET load means for charging a first node 
coupled between supply voltage conductor means 
and said first node; 

second MOSFET load means for charging a second 
node coupled between said supply voltage conduc- 
tor means and said second node; 

a first diode-connected MOSFET transistor coupled 

. between said first node and said output voltage 

. node; 

a second diode-connected MOSFET transistor cou- 
pled between said second node and said output 
voltage node; and 

first and second capacitors coupled, respectively, 
between said first node and a first clock signal 
conductor and said second node and a second 
clock signal conductor. 

5. The voltage booster circuit as recited in claim 4 
further including MOSFET regulator clamping circuit 
means coupled to said output voltage node for regulat- 
ing the voltage at said output voltage node. 

6. An integrated chip including at least one voltage 
booster circuit as recited in claim 1 coupled to supply 
voltage conductor means and dbtributing a stepped up 
voltage to a first portion of said integrated circuit chip. 

7. The integrated circuit chip as recited in claim 6 
further including another said voltage booster circuit 
coupled to said supply voltage conductor means for 
producing a second stepped up voltage to a second 
portion of said integrated circuit chip. 

8. A voltage booster circuit as recited in claim 1 
wherein said capacitor is an enhancement capacitor 
having its gate electrode coupled to said first node. 

9. A voltage booster circuit for producing a stepped 
up voltage at an output voltage node comprising: 

a load MOSFET coupled between supply voltage 
conductor means and a first node; 

a second diode-connected MOSFET coupled be- 
tween said supply voltagq conductor means and the 
gate of said load MOSFET; 

a bootstrap capacitor coupled between said first node 
and the gate of said load MOSFET: 

a switching MOSFET coupled between said supply 
voltage conductor means and said first node having 
its gate coupled to clock signal conductor means; 

a second diode-connected MOSFET coupled be- 
tween the gate of said load MOSFET and said out- 
put voltage node. 
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[57] ABSTRACT 

A DC voltage source of amplitude below the DC volt- 
age requirement of a load to be energized drives a pair 
of complementary transistors which are alternately 
turned on and off to apply supply voltage alternately 
to each of two capacitors connected in series. The 
sum voltage of the two capacitors is applied, in one 
embodiment, directly to a voltage regulator and fil- 
tered and, in another embodiment, is added to the DC 
source voltage prior to being regulated and filtered. 
The converter output is capacitively coupled to the 
DC supply voltage, thus furnishing a common AC 
connection. 

14 Claims, 2 Drawing Figures 
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DC TO DC VOLTAGE CONVERTER 

This is a continuation-in-part of application Ser. No. 
418,236 filed Nov. 23, 1973. and now abandoned. 

INTRODUCTION 

This invention relates to DC voltage amplitude con- 
verters, and more particularly to DC voltage doublers 
and triplets having well-regulated output voltage. 

Portable battery-operated devices, of which many 
types are commonly used throughout the world, have 
never been standardized to operate from a single power 
supply voltage. Different types of apparatus usually 
require different power supply voltage levels, and dif- 
ferent manufacturers of similar apparatus frequently 
establish different power supply voltage levels for their 
products. 

Often the need to employ a power supply of higher 
voltage level may be met by increasing the total num- 
ber of battery cells to be used with the product. Since 
the cells that are used in portable devices requiring 
sufficient current to drive a motor are usually rated at 
l.S volts each, the number of cells required to furnish 
rated DC voltage to some portable battery-operated 
devices may become so great as to detract from the 
portability or small size of the device. It is under such 
circumstances that DC to DC voltage converters may 
advantageously be incorporated into these devices to 
step up the DC level furnished by the power supply 
without requiring additional battery cells. 

Because some portable battery-operated devices re- 
quire rather precise levels of voltage for proper opera- 
tion, it heretofore has often been unfeasible to employ 
converters in such apparatus because of their inade- 
quate voltage regulation characterisics. The present 
invention, however, is directed to a DC to DC voltage 
converter which exhibits close regulation of its output 
voltage. 

Accordingly, one object of the invention is to provide 
a DC to DC voltage converter that maintains a well- 
regulated level of output voltage. 

Another object is to provide a DC voltage doubler 
capable of conducting alternating current between the 
voltage source and the load. 

Another object is to provide a DC voltage tripler 
capable of conducting alternating current between the 
voltage source and the load. 

Another object is to provide a transformless DC to 
DC converter empolying complementary transistors to 
charge each one of a pair of capacitors in alternate 
manner. 

Briefly, in accordance with a preferred embodiment 
of the invention, a DC to DC voltage converter com- 
prises pulse generator means, and gating means cou- 
pled to the pulse generator means. First and second 
charge storage means are coupled to the gating means. 
The gating means furnishes a current path to the first 
charge storage means in response to a positive-going 
change in voltage produced by the pulse generator 
means and furnishes a current path to the second 
charge storage means in response to a negative-going 
change in voltage produced by the pulse generator 
means. Output circuit means are connected in series 
with the first and second charge storage means, the first 
and second charge storage means being connected in 
series-aiding relationship; * 



BRIEF DESCRIPTION OF THE DRAWINGS 

The features of the invention believed to be novel are 
set forth with particularity in the appended claims. The 

5 invention itself, however, both as to organization and 
method of operation, together with further objects and 
advantages thereof, may best be understood by refer- 
ence to the following description taken in conjunction 
with the accompanying drawing in which: 

• 0 FIG. 1 is a schematic diagram of one embodiment of 
a DC to Dc voltage converter constructed in accor- 
dance with the instant invention; and 

FIG. 2 is a schematic diagram of another embodi- 
ment of a DC to DC voltage converter constructed in 

1^ accordance with the instant invention. 

DESCRIPTION OF TYPICAL EMBODIMENTS 

FIG. 1 illustrates a DC to DC voltage converter in- 
cluding an astable multivibrator 10 of conventional 

20 configuration. Thus the multivibrator comprises first 
and second active elements 11 and 12 respectively, 
such as NPN transistors, each with its emitter electrode 
connected to the negative side of a power supply 9, its 
collector electrode connected through a load resis- 

25 tance 13 and 14, respectively, to the positive side of the 
power supply, and its base electrode connected 
through a bias resistance 15 and 16, respectively, to the 
positive side of the power supply. In addition, a cou- 
pling capacitor 17 is connected between the collector 

30 of transistor 12 and the junction of the base of transis- 
tor 11 and resisttance 15, and a coupling capacitor 18 
is connected between the collector of transistor 11 and 
the junction of the base of transistor 12 and resistance 
16. An AC signal source 35 may be connected so as to 

35 be energized by power supply 9. 

The collector of transistor 12, representing the out- 
put of multivibrator 10, is connected to the base elec- 
trode of each of transistors 20 and 21. Transistors 20 
and 21 are of complementary configuration, transistor 
20 being of the NPN type and transistor 21 being of the 
PNP type. The collector electrode of transistor 20 is 
connected to the positive side of power supply 9 while 
the collector electrode of transistor 21 is connected to 
the negative side of the power supply. The emitter 

^5 electrodes of transistors 20 and 21 are connected in 
common to one side of each of a pair of capacitances 
22 and 23. A diode 24 is connected in the forward- 
biased direction between the collector of transistor 20 
and the other side of capacitance 22, while a diode 25 

50 is connected in the forward-biased direction between 
the collector of transistor 21 and the other side of ca- 
pacitance 23. 

Connected in series across the series combination of 
capacitances 22 and 23 are a resistance 26, a zener 

55 diode 27, and a diode 28, the cathode of diode 28 being 
connected to the anode of diode 25 and the anode of 
diode 28 being connected to the anode of zener diode 
27. The base electrode of an NPN transistor 30 is con- 
nected to the junction of resistance 26 and the cathode 

^ of zener diode 27, while the collector electrode of 
transistor 30 b connected to the cathode of diode 24. A 
filter capacitance 31 is connected between the emitter 
electrode of transistor 30 and the junction of the an- 
odes of diodes 27 and 28. DC output vltage is provided 

65 across capacitance 31 from transistor 30, operated in 
an emitter follower configuration, to a load 34. If toad 
34 is a signal processor, such as an AC signal amplifier 
- energized by the voltage across capacitance 31, output 
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signals from AC signal source 35 arc supplied to the emitter junction of a transistor is approximately con- 
input of amplifier 34. A coupling capacitance 33 is slant when the transistor is energized, it follows that 
connected between the cathode of diode 25 and the even though the resistance of load 34 may vary within 
anode of diode 28. a given range, the voltage across the load is maintained 

Ehiring operation of the DC to DC converter of FIG. 5 essentially constant in accordance with the base to 
1, multivibrator 10 produces pulses at the collector of emitter voltage on transistor 30 which remains essen- 
transistor 12 in a well-known manner. Assuming tran- tially constant. 

sistor U is nonconductive and transistor 12 is conduc- Filter capacitance 31, typically of the electrolytic 
live at any given instant of time, the collector-to-emit- type, serves to filter transient currents produced by 
ter voltage on transistor 12 is approximately zero and 10 multivibrator 10, from the output of the circuit. This 
the collector-to-emitter voltage on transistor 11 is ap- keeps multivibrator-produced transient currents from 
proximately equal to the voltage of power supply 9. adversely affecting operation of the load. Additionally, 
Under these conditions, collector current drawn by capacitance 31 filters pulses that would otherwise ap- 
transistor 12 causes current to flow through resistances pear at the load as a result of repetitively charging and 

14 and 15, in turn causing a charge buildup on capaci- IS discharging capacitances 22 and 23. 

tance 17 tending to bias the base of transistor 11 posi- Coupling capacitance 33 is preferably of relatively 
t>ve. large size in order to produce a low impedance alter- 

When capacitance 17 has charged through resistance nating current path between voltage source 9 and load 

15 to a sufficiently high voltage, Uansistor 11 becomes 34 if and when desired, bypassing diodes 25 and 28. 
conductive and draws collector current through resis- 20 ThJs AC path allows aJtemating current, separately 
tances 13 and .16. Base voltage on transistor 12 thus applied directly to load 34 fiom AC signal source 35, to 
drops to a low value, switching the transistor into its return to AC source 35 from the load. Capacitaance 31 
nonconductive condition. Collector voltage thereupon filters pulses created by the on-and-oif switching of 
rises sharply on transistor 12, producing a positive- diode 28, along with any transients associated with 
going voltage thereon. Subsequently, capacitance 18 25 such pulses. Those skilled in the art will recognize that, 
acquires a charge tendmg to bias the base of transistor as an alternative embodiment, an AC signal source may 
12 positive. be substituted for load 34 and supply AC signals to a 

When capacitance 18 has charged through resistance signal processing circuit substituted for AC signal 

16 to a sufficiently high voltage, transistor 12 again source 35, where circumstances warrant. 

becomes conductive, drawing current through resis- 30 Diode 28 prevents capacitance 33 from discharging 
tance 14 so that collector voltage abruptly drops to therethrough when transistor 20 becomes conductive, 
approximately zero. At that time, a negative-going This production occurs because, when transistor 21 
voltage is produced on the collector of transistor 12, becomes conductive, the cathode voltage of diode 25 
and transistor 11 is driven into nonconduction. These remains unchanged, while the anode voltage on diode 
cycles repeatedly continue as long as multivibrator 10 3S 25 and cathode voltage on dipde 28 drops by an 
remains energized, producing a series of positive pulses amount equal to the voltage across capacitance 23 
on the collector of transistor 12 of amplitude approxi- (neglecting the collector-to-emitter voltage drop across 
mately equal to that of power supply 9. transistor 21), which is almost equal to the voltage of 

Transistor 20 is rendered conductive whenever a power supply 9, Diode 25 is thus reverse-biased. At the 
positWe voltage is applied to its base, while transistor 40 same time, the anode voltage of diode 28 is driven 
21 is rendered conductive whenever its base voltage is negative as capacitance 33 acquires a charge caused by 
approximately zero. Conduction of transistor 20 causes discharge of capacitance 23 through transistor 21 and 
current .flow through capacitance 23 and diode 25, diode 28 in series. When transistor 21 is next driven 
while conduction of transistor 21 causes current flow uito nonconduction and transistor 20 into conduction, 
through capacitance 22 and diode 24. Thus it is evident diode 24 becomes reverse-biased and the anode volt- 
that the voltages which build up across capacitances 22 age on diode 25 and cathode voltage on diode 28 rises 
and 23 are in series-aiding relationship. Moreover, the by an amount equal to the voltage across capacitance 
amplitude ofvoltageon each ofcapacitances 22 and 23 22 (neglecting the collector-to-emitter voltage drop 
approaches that of the power supply due to the low across transistor 20), which is almost equal to the volt- 
series voltage drop across either of transistors 20 and SO age of power supply 9. Diode 25 is thus once again 
21, when in. the conductive state, and the associated forward-biased. At the same time, the anode of diode 
forward-biased diode 25 or 24, respectively. When 28 is maintained at a negative voltage by virtue of the 
.capacitances 22 and 23 are charged so that their total charge acquired by capacitance 33 during the conduc- 
voltage amplitude exceeds that of power supply 9, di- tion interval of transistor 21. Thus diode 28 is main- 
odes 24 and 25 prevent them from discharging back to 55 tained reverse-biased during the conduction interval of 
the power supply. Diodes 24 and 25 also prevent ca- transistor 20 and thereby substantially prevents capaci- 
pacitances 22 and 23, respectively, from discharging tance 33 from discharging therethrough during the 
through transistors 20 and 21, reflectively, when the conduction interval of transistor 20. Hence when tran- 
transistor is in a conductive condition. sistor 21 is next driven into conduction, the voltage 

The total voltage across capacitances 22 and 23, 60 stored on capacitance 33 prevents any substantial dis- 
which is approximately double the voltage of power charge therethrough from capacitance 23, insuring that 
supply 9, is applied across the series combination of the voltage stored on capacitance 23 will remain suffi- 
resistance 26, zener diode 27, and forward-biased cient high to drive the load with proper voltage ampli- 
diode 28. The size of resistance 26 is selected to cause tude at all times. 

diode 27 to operate in its reverse breakdown state so as 65 |t should be noted that load 34 need not be respon- 
to maintain a constant voltage on the base of transistor sive to signals from an AC signal source 35. In such 
30 irrespective of the amount of current flow through case, AC signal source 35 is not employed, and there 
resistance 26. Because the voltage across the base to would be no need for capacitance 33, while a conduc- 
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live connection would be substituted for diode 28. When transistor 21 is next driven into nonconduction 
In the voltage converter of FIG. 2, astable multivibra- and transistor 20 into conduction drawing emitter-to- 
tor 10, of circuit configuration as illustrated in FIG. 1, collector current through capacitance 23 and diode 25 
is energized by power supply 9. AC signal source 35 in series, diode 24 becomes reverse-biased since the 
may also be connected for energization by power sup- 5 anode voltage of diode 24 remains unchanged, while 
ply 9. the cathode voltage on diode 24 and anode voltage on 
The output of multivibrator 10 is connected to the diode 40 is increased by an amount equal to the voltage 
base electrode of each of complementary transistors 20 across capacitance 22 (neglecting the collector-to- 
and 21. The collector electrode of transistor 20 is con- emitter voltage drop across transistor 20), which is 
nected to the positive side of power supply 9 while the '0 almost equal to the voltage of power supply 9 after biit 
collector electrode of transistor 21 is connected to the a few cycles of operation of multivibrator 10. At the 
negative side of the power supply. The emitter elec- same time, the cathode voltage of diode 40 is driven 
trodes of transistors 20 and 21 are connected in com- positive as capacitance 42 acquires a charge from ca- 
mon to one side of each of capacitances 22 and 23. pacitance 22 discharging through transistor 20 and 
Diode 24 is connected in the forward-biased direction 1^ diode 40 in series. In this fashion, capacitance 42 ac- 
between the collector of transistor 20 and the other quires a DC voltage substantially equal in amplitude to 
side of capacitance 22, while diode 25 is connected in the voltage of power supply 9. 
the forward-biased direction between the collector of When transistor 20 is again driven into nonconduc- 
transistor 21= and the other side of capacitance 23. Thus tion and transistor 21 into conduction, diode 25 again 
far described, the circuitry of FIG. 2 is substantially 20 becomes reverse-biased and the cathode voltage on 
identical to that of FIG. 1. diode 24 and anode voltage on diode 40 drops by an 
The cathode of diode 28 is connected to the anode of amount equal to the voltage across capacitance 23 
diode 25 as in the embodiment of FIG. 1, while the (neglectingtheemitter-to-collector voltage drop across 
anode of a diode 40 is connected to the cathode of transistor 21), which is almost equal to the voltage of 
diode 24. A first storage capacitance 41 is connected 25 power supply 9. Diode 24 is thus once again forward- 
between the anode of diode 28 and the cathode of biased. Consequently, capacitance 43 becomes 
diode 25, while a second storage capacitance 42 is charged with a DC voltage equal to the sum of the 
connected between the anode of diode 24 and the voltages on capacitances 41 and 42 and the voltage of 
cathode of diode 40. A third storage capacitance 43 is power supply 9, all of which are connected in series- 
connected between the anode of diode 28 and the 30 aiding relationship, thereby reaching substantially 
cathode of diode 40. Resistance 26 and zener diode 27 three times the amplitude of voltage furnished by 
are connected in series between the anode of diode 28 power supply 9. The polarity of voltage on capacitance 
and the cathode of diode 40, the anode of zener diode 43 is such that diodes 40 and 28 prevent discharge 
27 being connected to the anode of diode 28. The base. through capacitances 22 and 23, respectively, and, in 
electrode of transistor 30 is connected to the junction 3S conjunction with diodes 24 and 25, respectively, also 
of resistance 26 and the cathode of zener diode 27, prevent discharge of capacitance 43 back through 
while the collector electrode of transistor 30 is con- power supply 9. 

hected to the cathode of diode 40. Filter capacitance The tripled voltage of power supply 9, appearing 
31 is connected between the emitter electrode of tran- across capacitance 43, is applied across the series com- 
sistor 30 and the anode of diode 28. DC output voltage bination of resistance 26 and zener diode 27. The size 
is provided across capacitance 31 from transistor 30, of resistance 26 is selected to cause diode 27 to operate 
operated in ah emitter follower configuration, to load in its reverse breakdown state so as to maintain a con- 
34. Since load 34 is typically a signal processor, such as stant voltage on the base of transistor 30 irrespective of 
ah AC signal amplifier enerigized by the voltage across the amount of current flow through resistance 26. Be- 
capacitance 31, output signals from signal source 35 cause the voltage across the base to emitter junction of 
are supplied to the input of amplifier 34, transistor 30 is thus approximately constant, the volt- 
During operation of the DC to DC converter of FIG. age across load 34 is maintained essentially constant. 
2, multivibrator 10 produces positive pulses as de- Filter capacitance 31 serves to filter transient cur- 
scribed in conjunction with the circuit of FIG. 1, NPN rents produced by multivibrator 10, from the output of 
transistor 20 being rendered conductive whenever a 50 the circuit so as to keep such currents from adversely 
positive voltage is applied to its base and PNP transistor affecting operation of the load. Capacitance 31 also 
21 being rendered conductive whenever its base volt- filters pulse that would otherwise appear at the k)ad as 
age is approximately zero. When transistor 21 becomes a result of repetitively charging and discharging capaci- 
conductive, ' drawing collector-to-emitter current tances 22 and 23 and storage capacitances 41, 42 and 
through diode 24 and capacitance 22 in series, the 43, including pulses created by the on-and-o£f switch- 
cathode voltage of diode 25 remains unchanged, while ing of diodes 28 and 40 along with any transients asso- 
the anode voltage on diode 25 and cathode voltage on ciated with such pulses. 

diode 28 drops by an amount equal to the voltage Storage capacitances 41 and 42 are preferably of 

across capacitance 23 (neglecting the emitter-io-col- relatively large size in order to produce a low impe- 
lector voltage drop across transistor 21), which is al- 60 dance alternating current path between voltage source 

most equal to the voltage of power supply 9. Diode 25 9 and load 34 if and when desired, bypassing diodes 25 

is thus reverse-biased. At the same time, the anode and 28. This AC path allows alternating current, sepa- 

voltage of diode 28 is drive n negative as capacitance 4 1 rately applied directly to load 34 from AC signal sou rce 

acquires a charge from capacitance 23 discharging 35, to return to AC source 35 from the load. Storage 

through transistor 21 and diode 28 in series. In this capacitance 43 adds filtering to the circuit. As an alter- 

fashion, capacitance 41 acquires a DC voltage substan- native embodiment, an AC signal source may be substi- 

tially equal in amplitude to the voltage of power supply tuted for load 34 and supply AC signals to a signal 

9. processing circuit substituted for AC signal source 35, 
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where circumstances warrant 

When diode 25 is forward-biased during conduction 
of transistor 20, the anode of diode 28 is maintamed at 
a negative potential by virtue of the charge previously 
acquired by capacitance 41 during the conduction 5 
mterval of transistor 21. Thus diode 28 is maintained 
reverse-biased during the conduction interval of tran- 
sistor 20, When transistor 21 is next driven into con- 
duction, the voltage stored on capacitance 41 prevents 
any appreciable discharge therethrough from capaci- >0 
tance 23, insuring that the voltage stored on capaci- 
tance 23 will remain sufHciendy high to maintain 
proper voltage amplitude at all times on capacitance 
41. Similarly, when diode 24 is forward-biased, the 
cathode of diode 40 is maintained at a positive poten- IS 
tial by virtue of the charge previously acquired by ca- 
pacitance 42 during the conduction interval of transis- 
tor 20. Thus diode 40 is maintained reverse-biased 
during the conduction interval of transistor 21. When 
transistor 20 is next driven into conduction, the voltage 20 
stored on capacitance 42 prevents any appreciable 
discharge therethrough from capacitance 22, insuring 
that the voltage stored on capacitance 22 will remain 
sufficiently high to maintain proper voltage amplitude 
at all times on capacitance 42. Thus the voltage stored 25 
across capacitances 22 and 23 in series is not directly 
applied to the load since diodes 40 and 28 conduct on 
alternate half cycles, respectively, of the multivibrator 
output voltage. 

The foregoing describes a DC to DC voltage con- 30 
verter that maintains a well-regulated level of output 
voltage. The converter, which may be operated as ei- 
ther a doubler or tripler of DC voltage, capable of 
conducting alternating current between the voltage 
source and the load, is transformerless and employs 3^ 
complementary transistors to charge each one of a pair 
of capacitances in alternate manner. 

While only certain preferred features of the invention 
have been shown by way of illustration, many modifica- 
tions and changes will occur to those skilled in the art. ^0 
It is, therefore, to be understood that the appended 
claims are intended to cover all such modifications and 
changes as fall within the true spirit of the invention. 

I claim: 

1. A DC to DC voltage converter for use with a load 45 
which is also responsive to an AC source comprising: 
pulse generator means; 

gating means coupled to said pulse generator means; 

first and second charge storage means coupled to 
said gating means, said gating means furnishing a 50 
current path to said first charge storage means in 
response to a positive-going change in voltage pro- 
duced by said pulse generator means and furnish- 
ing a current path to said second charge storage 
means in response to a negative-going change in 
voltage produced by said pulse generator means; 

output circuit means connected in series with said 
first and second charge storage means, said output 
circuit means including voltage regulator means, 
said first and second charge storage means being 60 
connected in series-aiding relationship; 

capacitance means coupling said output circuit 
means to said pulse generating means; and 

unidirectional conducting means coupling said first 
charge storage means to said voltage regulator 65 
means and poled so as to be reverse-biased each 
time said gating means furnishes a current path to 
said first charge storage means and thereby prevent 
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said capacitance means from discharging through 
said unidirectional conducting means at said time. 

2. The apparatus of claim 1 wherein said gating 
means comprises first and second transistors each hav- 
ing a base electrode, an emitter electrode, and a collec- 
tor electrode, each of said collector elecUodes being 
coupled to one side of each of said first and second 
charge storage means, respectively, each of said base 
electrodes being connected to said pulse generator 
means, and each of said emitter electrodes being con- 
nected in common to the other side of each of said first 
and second charge storage means. 

3. The apparatus of claim 2 wherein said pulse gener- 
ator means comprises an astable multivibrator having 
first and second active elements, and first transistor 
being rendered conuctive and said second transistor 
nonconductivc in response to a rise in voltage across 
said first active element and said second transistor 
being rendered conductive and said first transistor non- 
conductive in response to a rise in voltage across said 
second active element. 

4. The apparatus of claim 2 wherein said first and 
second transistors are of complementary configuration 
and said base electrodes are connected in common. 

5. The apparatus of claim 3 wherein said first and 
second transistors are of complementary configuration 
and each of said base electrodes is connected to said 
first active element. 

6. A converter for increasing voltage amplitude fur- 
nished from a DC power supply, said converter com- 
prising: 

pulse generator means; 

gating means coupled to said pulse generator means; 

first and second charge storage means coupled to 
said gating means, said gating means furnishing a 
charging current path to said first charge storage 
means in response to a change in voltage of one 
polarity direction produced by said pulse generator 
means and furnishing a charging current path to 
said second charge storage means in response to a 
change in voltage of opposite polarity direction 
produced by said pulse generator means; 

third charge storage means coupled to said gating 
means, said gating means furnishing a current path 
from said first charge storage means to said third 
charge storage means in response to said change in 
voltage of Opposite polarity direction produced by 
said pulse generator means; and 

output circuit means connected in series with said 
third charge storage means, said third charge stor- 
age means being connected in series-aiding rela- 
tionship with said power supply. 

7. The apparatus of claim 6 wherein said output cir- 
cuit means includes voltage regulator means. 

8. The apparatus of claim 6 wherein said gating 
means comprises first and second transistors each hav- 
ing a base electrode, an emitter electrode, and a collec- 
tor electrode, each of said collector electrodes being 
coupled to one side of each of said first and second 
charge storage means, respectively, each of said base 
electrodes being connected to said pulse generator 
means, and each of said emitter electrodes being con- 
nected in common to the other side of each of said first 
and second charge storage means. 

9. The apparatus of claim 6 including fourth charge 
storage means coupled to said gating means, said gating 
means further furnishing a current path from said sec- 
ond charge storage .means to said fourth charge storage 
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means in response to said change in voltage of one 
polarity direction produced by said pulse generator 
means, said fourth charge storage means being con- 
nected in series with said output circuit means and in 
series-aiding relationship with said power supply and 
said third charge storage means. 

10. The apparatus of claim 9 wherein said output 
circuit means includes voltage regulator means. 

11. The apparatus of claim 9 wherein said gating 
means comprises first and second transistors each hav- 
ing a base electrode, an emitter electrode, and a collec- 
tor electrode, each of said collector electrodes being 
coupled to one side of each of said first and second 
charge storage means, respectively, each of said base 
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electrodes being connected to said pulse generator 
means, and each of said emitter electrodes being con- 
nected in common to the other side of each of said first 
and second charge storage means. 

12. The apparatus of claim 9 including fifth charge 
storage means connected in parallel with said output 
circuit means. 

13. The apparatus of claim 10 including fifth charge 
storage means connected in parallel with said output 
circuit means. 

14. The aparatus of claim 11 including fifth charge 
storage means connected in parallel with said output 
circuit means. 

* ♦ * * « 
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1571 ABSTRACT 

A CMOS circuit for approximately tripling battery 
voltage particularly adaptable for u.sc with liquid crys- 
tal displays such as used in watches. Powells of the 
CMOS circuit arc coupled to active circuit nodes 
rather than to battery potentials. In the presently pre- 
ferred embodiment a hybrid circuit with external ca- 
pacitors is used to increase overall efficiency. 

7 Claims, 2 Drawing F1|nires 
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bodiment the CMOS devices are deployed on an n-typc 
CAPAcmVE VOLTAGE CONVERTER substrate where p-type welb are used to define n-chan- 

EMPLOYING CMOS SWITCHES nel devices. As will be obvious to one skilled in the art, 

the invention may be utilized on a p-type substrate. 
BACKGROUND OF THE INVENTION 5 j^pm line 10 which is coupled to a level 

1, Field of the Invention shifter 12 is supplied with a signal such as a I khz 
The invention relates to the field of voltage convert- square wave. The input square wave, or other signal, in 

ers employing CMOS devices. the case of a watch may be derived from a crystal 

2. Prior Art source, although such accuracy is not required. The 
Complementary metal-oxide -silicon (CMOS) de- 10 level shifter 12 provides two complementary outputs. 

vices have been utilized in applications where low one on line 14, and the other on line 16. The output 
power consumption is required, such as in electronic from the circuit of the figure, line 17, is coupled to level 
watches. In such watches and in other applications shifter and provides a potential greater in magnitude 
voltages higher than those economically available from than Vbb for powering the lever shifter 12. By way of 
batteries are required for displays, particularly for liq- *5 example, assume an input square wave to level shifter 
uid crystal displays. In the prior art numerous circuits 12 varies between zero and —1.5 volts and that the 
are known for raising a battery potential, for example, output on line 17 is approximately r-4.5 volts. The 
of 1.5 volts, to a higher potential such as 4.5 volts for output of level shifter 12 would be two square waves 
activating displays. varying between zero and approximately -4.5 volts. 

Generally, the prior art voltage converting circuits 20 Anyoneof a number of known prior art circuits may be 
employ resistors, diodes, inductors and bipolar transis- utilized for level shifter 12. 

tors in a resonant transfer circuit. These components In the presenUy preferred embodiment all the transis- 
cannot be integrated into, the CMOS circuit used for tors employ polycrystalline silicon gates. The oonvcn- 
the remainder of the watch circuitry. Moreover, such tion used for the transistors in the figure is as follows: 
components are relatively expensive when compared to 25 an arrow pointing away from the gate signifies a p- 
the remainder of the watch electronics. channel transistor, an arrow pointing into the gate sig- 

As will be seen, the present invention provides a nifies an n-channel transistor, and the connection be- 
voltage converter employing only CMOS active devices tween the center line (such as line 38 of transistor 19) 
.although external capacitors are utilized in the pres- and one of the other two terminals of the transistors 
ently preferred embodiment. The presently disclosed 30 signifies the biasing of the substrate in the case of p- 
circuit provides a less expensive, and more efficient; channel transistors and the p-well in the case of n-chan- 
converter than known in the prior art. nel transistors. For example, transistor 20 has one of its 

n-type regions and its p-well connected to. Vbb- The 
SUMMARY OF THE INVENTION terminal of transistor 20 is coupled to one termi- 

A circuit is disclosed for charging a capacitance 35 nalof transistor 19 and to one terminal of capacitor 30. 
means and for then coupling the capacitance means in The other terminal of transistor 19 and the substrate 
series with another potential means. The capacitance are. coupled to the negative potential Vbb- 
means is coupled between a first and a second connec- Transistors 19 and 20 are coupled in series between 
tion means. A first transistor is disposed on a substrate ground' and V^b. the gate of both these transistors are . 
of a first conductivity type. This transistor selectively *0 coupled to line 14. Transfers 21, 22 and 23 are cou- 
couples the capacitance means so that the capacitance. pled in series between \bb and ground. An n-type re- 
means may be charged. The first transistor includes a . gion of both transistors 21 and 22 along with the p-type 
channel which is disposed, in a w€ll in said substrate, the « wells 40 and 41 (RG. 2) of transistors 21 and 22, re- 
well being of an opposite conductivity type to the sub- spectively, are coupled to a node 27 defined between 
strate. The capacitance nieans is coupled to the well. A *5 transistors 21 and 22; this node being also coupled to 
second transistor is used for coupling the capacitance the oilier terminal of capacitor 30. Note that the p- 
means and : potential means in series. The circuit in- wells of transistors 21 and 22 are coupled to an active 
eludes control means which is coupled to the first and * signal nodis in the circuit rather than to a power supply 
second transistors for causing the capacitance means to potential. The common node between transistors 22 
be alternately charged and coupled in series with the 50 and 23 is coupled to one terminal of capacitor 31. This 
potential means. The potential of the well of the first node includes an n-type region of transistor 22 and a 
transistor changes as the capacitance means and poten- p-type region of transistor 23. The gate of transistor 21 
tiaJ means are coupled and* decoupled, thereby allow- . is coupled to line 16; the gates of transistors 22 and 23 
ing the first transistor' to operate as a switch. are coupled to line 14. 

55 Transistors 24 and 25 are coupled in series between 
BRIEF DESCRIPTION OF THE DRAWINGS Vbb aiid a clamp circuit 18. The gate of transistor 24 is 

FIG. 1 is a circuit diagram of the presently preferred coupled to line 16; the gate of transistor 25 is coupled 
embodiment of.the voltage converter. to Dne 14. The common junction between transistors 

FIG. 2 is a cross-sectional elevation view of a sub- 24 and 25, node 28, is coupled to the other terminal of 
strate which mcludes the tran^stbrs of FIG. 1. ^ capacitor 31. This node includes the p-well 42 of tran- 

sistor 24, thereby coupling this p^well to an active cir- 
DETAILED DESCRIPTION OF THE INVENTION ^ ^ ^^^^^ transistor 25, defining 

In the presently preferred embodiment the voltage one terminal of the transistor, is coupled to one termi- 
converter converts a first potential or battery potential nal of capacitor 32, the clamp circuit 18 and to the 
to a higher level which is approximately three times the ^5 output line 17. 
' battery potential. As will be appreciated, the principle In the presently preferred embodiment capacitors 30, 
of the present invention may be utilized for other than 31 and 32 are external capacitors, that is, they are iiot 
voltage tripling. Abo in the presently preferred em- part of the common substrate upon which the remain- 
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der of the circuit is fabricated. Since the transistors, pled to pad 34, and that the p-well 42 for transistor 24 
level shifter 12 and clamp circuit 18 are formed on the is coupled . to pad 36. Thus the potential of these wells 
same substrate, the external capacitors are coupled to may vary as will be explained. (Note the pads 33, 34, 
the. substrate through '*pads". For example, capacitor 35, 36 and 37 are shown above the substrate for pur- 
30 is coupled between pads 33 and 34, capacitor 31 is 5 poses of illustration in FIG. 2). 

coupled between pads 35 and 36 and capacitor 37 is An important aspect of the present invention is the 

coupled to pad 37, the other terminal of this capacitor feet that the p-well 40 of the transistor 21 is coupled to 
being coupled to ground. "On chip*' capacitors may be an active node, node 27, If this p-well were coupled to 
utilized although it has been found that a more efficient Une 17. transistor 21 would feil to turn on when a zero 
circuit is possible where external . capacitors are uti- 10 potential was present on Une 16. On the other hand, If 
lized. In the presently preferred embodiment O.OI mi- the p-well 40 of transistor 21 was coupled to Vbb. tran- 
crofarads capacitors are utilized. sjstor 21 would turn on and charge capacitor 30, how- 

The clamp circuit 18 is used to clamp line 17 to V^^ ^^^^ ^y^^^ capacitor 30 is coupled in scries with V„. 
to activate or start the circuit. Note that the line .17 the potential on node 27 rises above V^^ (in the nega- 
provides power for level shifter 12; thus to activate the 15 ^^^^ providing a forward biased junction with 
circuit, line 17 « held at the V^^ potential through the transistor 21. Since the p-weU 40 of transistor 21 is 
clamp circuit 18, Once an output is produced on lines ^^^^^ to the active node 27, transistor 21 turns on at 
14 and 16, line 17 b released from V^^ and allowed to the appropriate potential, and also remains off when 
nse (m the negative direction) m potential. \^ apphca- . capacitors are coupled in series. The same is true 

Uons where the circuit .s utilized as part of a watch, 2Q p^i^own transistor 24 in that its p-well 24 is ecu- 
clamp circuit 18 may be a manual switch momentarily .^^ active node 28. 

closed upon assembly of the watch or when a battery is tw. - - — • u j- i j • 

, r\ i , . . ^ Thus;- a voltage converter, has been disclosed m the 

replaced. Any one of numerous clamping circuits may r- : ^„ ..^w i i. ^m^-\^ • • 

; *^ . , , . 1 J- * .. .. form of a voltage tnpler which utilizes CMOS circuits- 

be utilized for clamp circuit 18 including automatically . ... ^ *^ . , 

activated circuits ^ 23 m which external capacitors are first charged m parallel 

In operation capacitors 30 and 31 are charged to the ^^l^^" coupled in seri« to provide a potential, 
potential V«a. in parallel, and then coupled in scries T)>"ircuu ui made feasible m part by c^^^^ 
with ihe potential Vns to provide an output on line 17 ''^^J!^^'^'^ transators to active nodes, 
of approximately 3\bB' Capacitor 32 which is coupled • ^. ^„ . : . . .. . . . 

to line 17 provides filtering of the output signal. Capac 36 /• An MOS mtegratedcrcuit disposed on asubstrate 
itor 30 is charged through transistors 19 and 21; capac- • ^'^^ ^"^^ conductivity type, for coupling a capacitance 
itor 31 is charged through transistors 23 and 24. Tran- ^ * source of potential such that said capaci- 

sistor 20 couples one terminal of capacitor 30 to V^b <?nce>neans may be charged from said source of potcn- 
(for the series connection of the capacitore) while tran- .«>«P«nfi capacitance means to a con^ 

sistors 22 and 25 couple capacitors 30 and 31 in series 35 nection means comprising: 

to line 17. ■ a first' well of a second conductivity type dispc^ed.on 

Assume for the sake of examining the operation of substrate; said weU being coupled to said ca- 

the.circuit, that a negative potential equal to approxi- • pacitance means; 

matcly iVaa is present , on lihe 14, while simulta- a firet transistor disposed in said firet weU, saW^^ 
neously, a zero potential exists on Une 16. The negative .^0 . transistor including a pair of regions of said fhst 
potential on the gates of . transistors 19 and 23 cause . . conductivity type, one of said regions coupled to 
these transistors to conduct, while the same negative . . said source of potential and the other of said re- 
potential of the gates of transistors 20, 22 and 25 pre- ... gi.ons. coupled to said capacitance means; and, 
' vent these transistors from conducting. The zero poten- ^ second tramsistor, said second transistor including a 
tial (line 16) on the gates of the piiU-down transistors .^^ ' . pair or regions of said- first conductivity type, one 
'21 and 24 cause these . transistors to conduct. Thus, - of said regions coupled to said capacitance means; 
when a. negative potential is present on line 14, and. a . . and the other region coupled to said connection 
zero potential on line 16, capacitor 30 charges through . . . means; - - . 

transistors J9 and 21 and capacitor 31 charges thirotigh whereby said capacitance meaiis. ihay be charged 
traotsistors . 23 and 24. source of potential theii coupled in series 

■ When the output from level shifter 12 changes and a with said source of potential or other capacitance 

negative potieniial equal to approximately SVbb >s pre- . . means, to provide a higher output potential. 
• sent on line 16 and a zero potential on Une 14, transis- 2. The circuit defined by claim 1 wherein said second 
tor 19. ceases to conduct and transistor 20' conducts. transistor is disposed in a well of said second conductiv- . 
Similarly, transistors 21 and 23 cease to conduct while tty type. 

tnmsistbr 22 conducts. Also transistor 24 ceases to . 3. The circuit defined by claim 2. wherein said first 
conduct and transistor 25 conducts. Since thie capaci- . conductivity type is n-type. 

tors are iassumed to have been previously charged, the 4. A CMOS integrated cireuit disposed on a substrate 
potential present on line 17 is equal to Wbb plus the sum ' of a first conductivity type for charging- a capacitor 
of the voltages to which capacitors 30 and 31 have ^ from a source of potential, and for coupling said capac- 
been charged. In actual tests , the potential on.lme 17 . ttor in series with said source of potential to provide iei 
approaches 3\bb' higher potential than said source of potentials said 

; in FIG. 2 transistors 19, 20, 21, 22, 23, 24 and 25 are.. source of potential includmg a.first and second poten- 
shovvn .on an n*type substrate. The connections be- '- * ,tial terminal and said capacitor including a first and 
tweeh thesis transistors and particularly the capacitors second capacitor terminal, comprising: 
30 and 31 are again shown. From this figure the p-well • .a first transistor disposed on said substrate, said first 
omnections^are readily seen, note that the p-wells 40[. . \ .ti^sistpr including .a. pair of regions of a second . 
and '41 for transistors 21 and 22, respectively are cou-* conductivity type, one of said regions coupled to 
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said first potential terminals and the other of said 

■ regions coupled to said first capacitor termini; . 

a first p-well, said first p-well coupled to said second 
potential terminal; 

a second transistor disposed in said first p-well said 
second transistor including a pair of regions of said 
first conductivity type, one of said regions coupled 
to said first capacitor terminal and the other of said 
regions coupled to said second potential terminal; 

a second p-well disposed in said substrate, said sec- 
ond p-well coupled to said second capacitor termi- 
nal; 

a third transistor disposed in said second p-well, said 
third transistor including a pair of regions of said 
first conductivity type, one of said regions coupled 
to said second potential terminal and the other of 
said regions coupled to said second capacitor ter- 
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first conductivity type, one of said regions coupled 
to said second capacitor terminal; 
a fifth transistor disposed on said substrate, said fifth 
transistor including a pair of regions of said second 
conductivity type, one of said regions, coupled to 
said first potential terminal and the other of said 
- re^ons providing a conunon terminal with said 
other region of said fourth transistor; 
whereby said capacitor may be chai;ged fi-om said 
source of potential and then coupled in series with 
said source of potential to provide a higher poten- 
tial at said common terminal. 

5. The circuit defined by claim 4 wherein said fourth 
transistor is disposed within a p-well. 

6. The circuit defined by claim 5 wherein said p-well 
of said fourth transistor is coupled to said second ca- 
pacitor terminal. 

7. The circuit defined by claim 4 wherein said first 



minal; 

a fourth transistor disposed on said substrate, said conductivity type is n-type: ' 
fourth transistor including a pair of regions of said 
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A voltage multiplier in which an n-phase circuit charges 
n-1 capacitors during the separate phases, then during 
the last or nth phase the capacitors are put in series to 
create n times the input voltage. MOS transistor devices 
are used to act as switches to charge a number of series 
connected capacitors. During a first phase of operation, 
the first in the series of capacitors is charged to a spe- 
cific voltage to be multiplied by closing the MOS 
switches to place the voltage across the c^acitor. Dur- 
ing a next phase of operation, the first capacitor is dis- 
connected by the switches and the next capacitor in 
series is charged to the input voltage. During successive 
phases of operation, successive capacitors are similarly 
charged. During the iast phase of operation, the capaci- 
tors are connected in series with the voltage to be multi- 
plied and are connected to an output capacitor. This 
places a total charge on the output capacitor which is 
equal to the sum of all the charges on the respective 
series connected capacitors plus the voltage to be multi- 
plied. This results in an n+1 voltage multiplication 
wherein n is the number of series connected capacitors. 

3 Claims, 1 Drawing Figure 
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ings wherein the single FIGURE is a schematic dia- 
CAPACmVE VOLTAGE MULTIPLIER gram of a voltage multiplier incorporating features of 

BACKGROUND OF THE INVENTION ^^^^^ 

The present invention relates in general to voltage 5 ^^^^^^SJS^J^^ 
multiplier circuits and, more particularly, to an MOS . EMBODIMENT 
voltage multiplier circuit. Referring now to the drawing, an MOS voltage mul- 

DFSCttrPTrnNOFTHFPRrrill art ^P^^^"" wherein the output voltage 

DESCRIPTION OF THE PRIOR ART capacitor Cj is a multiple of the input voltage 

Integrated circuit technology is utilized in low volt- 10 Vss- The integrated circuit chip itself is designated by 

age applications where space is at a premium, such as in dashed line 9. Capacitors CI, C2, and C3 are off-chip 

digital watches using low power batteries. In such an devices connected by conventional pads indicated by 

application, a higher voltage than that supplied by the the rectangular elements labeled 3, CAPl, CAP2, and 

battery is necessary to drive the time indicating display. V^^. 

Thus, a voltage multiplier circuit is necessary using a 15 The dotted lines 10 indicate a p-channel tub which is 
minimum number of components external to the inte- common to the most negative supply voltage (Vfg) that 
grated circuit, a minimum number of external connect- is created. Devices I, a, L51, L52and L53 contain n-chan- 
ing pins, and a minimum amount of interconnection nel devices connected such that their sources and sub- 
circuitry within the integrated circuit. strates are the V£;£ supply. All other n-<:hannel devices. 

In the past, an n-time-voltage multqslier required 2n 20 not within dotted lines, have their substrates connected 

pin connections. to the Vj^ supply. 

Furthermore, in prior voltage multipliers the output MOS 2 and MOS 0 are each in their own individual 
voltage is a multiple of the input voltage minus the tubs as indicated by dotted lines 12 and 14. The sub- 
voltage drop across the transistor or diode circuits uti- strate connections through diodes D2 and D3, respec- 
lized. This voltage drop cannot be tolerated in a low 25 tively, prevent the substrate diodes of MOS 2 and MOS 
voltage system, and since MOS transistor switches can 3 from clamping the generated voltages at CAP 1 and 
have enough gam to minimize such voltage drops, they CAP 2 back to Vss* With the substrate connections as 
are particularly suitable in a voltage multiplier. shown, the back gate bias effect (body effect) on MOS 



SUMMARY OF THE PRESENT INVENTION 



2 and MOS 3 is minimal. 
30 A three phase circuit is shown within dotted lines 16. 
It is a primary object of the present invention to pro- Clock lines CLK 1 nd CLK 2 from an external source 
vide an MOS voltage multiplier. are combined^in NAND drcuits Nj, N2 and N3 to pro- 
It is also an object of the invention to provide a volt- duce signals <t>l, ^2, and <I>3. These signals are powered 
age multiplier which simplifies the interconnecting cir- by level shifters L51, Ssj and L53 to produce the basic 
cuitry and reduces the number of components which 35 timing signals for the circuity <I>i', <I>2' and respec- 
are external to the integrated circuit chip. tively. Only one of these outputs is energized at a time. 
Briefly, the above objects are accomplished in accor- and may be longer than ^2 or for reasons set 
dance with the invention by providing a circuit made up forth below. 

of external capacitors connected in series across the pins The voltage across capacitor C3 is multiplied by suo- 

of an integrated circuit chip. The pins of the chip are 40 cessively charging capacitors C| and Q to the voltage 

connected internally to MOS transistor switches which V|>2> minus V^;;. During phase two and phase three, the 

are operated by a clocking circuit to provide for a mul- gate of MOS 1 is held at V^^ level by NAND gate N| 

tiphase circuit operation. thus turning MOS 1 off. 

During successive phases of operation, MOS switches MOS 2 is an n-channel device with its substrate con- 
are closed in such a manner that the series connected 45 nected to CAPl to reverse bias diode D2 allowing 
capacitors are charged successively during each phase CAPl to become more negative than Vss- The substrate 
to the input voltage. During the final phase of opera- of MOS 2 is not connected to Vf^as this would increase 
tion, the last capacitor charged is connected to the input the body effect (M factor), thus requiring a larger de- 
voltage and the first capacitor charged is connected to vice to transfer the same amount of charge, 
an output capacitor, such that the voltage developed 50 During phase 1, the gate of MOS 2 is held at Vf^by 
across the output capacitor is the sum of all the voltages level shifter LS3 thereby turning MOS 2 off. 
across the series connected capacitors plus the input During phase 2, MOS transfers the voltage V^s pro- 
voltage, vided by inverter 126 to the CAPl pad. This causes the 

The circuit has the advantage that it results in output capacitor Ci to be charged to the voltage V^o by the 

pin efficiency. In the past, an n-times voltage multiplier 55 action MOS 5. 

needed 2/z pin connections. With the present invention, Since the gate of MOS 3 is held at Vf^ level by the 

only n+\ connections are required for the n — 1 capaci- level shifter LS2, MOS 3 is held off during phase 2 and 

tors across which charges are developed. . phase 3. With MOS 3 off, shifting CAPl from the V^d 

The invention has the further advantage that since it level to the Vs^level will cause CAP2 to be shifted from 

uses MOS transistors, the multiplied voltage will not be 60 the V^s level to the V/)/) minus V55 level below Vss- 
degraded by diode drops generally caused when transis- Daring phase 3, the gate of MOS 2 is held at V^^ level 

tor circuits are used. by level shifter LS3 thereby turning MOS 2 ofT. 

DESCRIPTION OF THE DRAWINGS '^^"f^^^ "^'w'^^r? ^? sutetrate con- 

nected to CAP2 to reverse bias diode D3 which allows 
The foregoing and other objects, features aiid advan- 65 CAP2 to be more negative than CAPl. The substrate is 
tages of the invention will be apparent from the follow- not connected to V^^ as this would increase the body 
ing detailed description of a preferred embodiment of effect (M factor) thereby requiring a larger device to 
the invention, as illustrated in the accompanying draw- transfer the same amount of charge. 
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During phase 1 of the operation, MOS 3 transfers the 
Vss voltage level to CAP2 which, since CAPl is held at 
^DD^y the operation of MOS 1, charges capacitor Cito 
the voltage Voovnanvs Vss- During phase 2 and phase 3, 
the gate of MOS 3 is held at the V^^ voltage level by 
level shifter LS2, thus turning MOS 3 off. 

MOS 4 is an n-channel device with its substrate con- 
nected to which reverse biases diode D4, thus al- 
lowing Vf^to become more negative than CAP2. 



During both phases land 2, the gate ofMOS 4 is held 10 Q^ssf^j^) 



MOS 5 more time to refresh the charge on capacitor C\ 
during the phase 2 operation described above. 

It should further be understood that the source and 
drain of MOS 5 may be shorted together connecting the 
output of I3b direcdy to the not phase 3 pad. Thus, with 
capacitor eliminated and with capacitor d con- 
nected between the not phase 3 pad and the CAP 2 pad, 
the circuit will perform as a voltage doubler capable of 
forcing Vg^to the voltage V^o minus V^^ below Vss 



15 



20 



25 



at the voltage level by level shifter LSI, therefore 
turning MOS 4 off. 

During phase 3, MOS 4 turns on, closing a path be- 
tween CAP 2 and V^^to thereby transfer charge from 
capacitors C| and C2 in series to capacitor C3. 

MOSS is an /i-channel device with its substrate con- 
nected to V55. 

During phase 1, the gate of MOS 5 is held at the 
voltage level dirough MOS 6, which allows the not 
phase 3 pad to float Since MOS 5 is an H-channel de- 
vice, phase 3 can be driven more positive than Vod- 
This allows the charge stored on capacitor C| to be 
maintained during phase 1 when CAPl is driven to the 
voltage by inverter 126 through MOS 1 as ex- 
plained above. 

During phae 2, MOS 5 transfers the V^^ voltage level 
provided by inverter 136 to the not phase 3 pad. Since 
CAPl is held at the V^slevel by MOS 2 during phase 2, 
capacitor C, will charge to the voltage ViM>mmus Vss- ta 

During phase 3, MOS 5 transfers the Vss level pro- 
vided by inverter 136 to the not phase 3 pad. Since 
during phase 3 devices MOS 1, MOS 2 and MOS 3 are 
all turned off. the CAPl pad shifts to the Vpo nunus 
V5;s level below V^, i.e. (aV^j-V^^ This shift from the 3, 
V^Ievel of phase 2 to the V^s minus Vo^level of phase 
3 on the CAPl pad will shift the V^sminus V|,^level of 
CAP2 pad of phase 2 to the 3 Vss minus V^o level dur- 
ing phase 3. As described above, MOS 4 transfers the 
charge from capacitors Ci and Ci in series to capacitor ^ 
Cy during phase 3. The charges on Ci and C2 in series 
will balance with the charge on C3 until the Vf^ level 
and the CAP2 level are equal. 

MOS 6 is an n-channel device with its substrate con- 
nected to Vss- ^5 

During phase 2 MOS 6 transfers the Vss voltage level 
to the gate of MOS 5, which turns MOS 5 off. During 
phase 1, the output of inverter Ub is at the Vaglevel and 
capacitor C4 is charged to the volUge Vss minus Vss- 

During phase 2 and phase 3, the output of inverter Ua 50 
applies the voltage Vs;sto the gate of MOS 6 turning it 
off. This allows the gate of MOS 5 to float During 
phase 2, the output of inverter 116 swings from the 
voltoge Veb to Voo forcing the gate of MOS 6 to the 
voltage VssplusV|,x)minusVBB. This allows MOS 5 to 55 
pull the not phase 3 pad to the voltage level Vp^, which 
is provided by inverter I3B. Level shifter LSI provides 
a delay which insures that the inverter Ila will turn 
MOS 6 off before the inverter 116 will begin to swing 
positive. MOS 1 and MOS 6 have their gates driven 
from the voltage Vss to insure correct power of opera- 
tion regardless of the initial conditions of the output not 
phase 3, CAPl, CAP2 or V^g. MOS 2, MOS 3 and 
MOS 4 have their gates driven from the voltage V^gin 
order to provide gate drive negative enough to com- 
pletely turn the transistors off at the appropriate time. It 
should be understood that it may be desirable to make 
phase 2 longer than phase 1 or phase 3 to thei^y give 
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While the invention has been particularly shown and 
described with reference to a preferred embodiment 
thereof, it will be understood by those skilled in the art 
that various changes is form and detail which may be 
made therein without departing from the spirit and 
scope of the invention. 
What is claimed is: 

1. A voltage multiplier comprising: 

a plurality of capacitors connected in series across the 
output pads of an integrated circuit chip; 

a clock circuit providing multiphase voltage output; 

means connecting the pads of said chip to MOS tran- 
sistor switches; 

means interconnecting said MOS switches to said 
clocking circuit such that during successive phases 
of operation said switches are closed in such a man- 
ner that the series connected capacitors are sepa- 
rately charged to the input voltage successively 
during each phase of said clock circuit; and 

means operable during the fmal phase of operation of 
said clock for connecting an output capacitor to 
said input voltage and said series connected capaci- 
tors such that the voltage developed across the 
output capacitors is the sum of all the voltages 
across the series connected capacitors plus the input 
voltage. 

2. A voltage multiplier comprising: 

an integrated circuit chip having a flrst pad, a second 
pad, a third pad, and a fourth pad; 

a clock circuit providing three outputs, a first phase, 
a second phase, and a third phase, wherein during 
each phase the respective output rises from a first 
voltage level to a second voltage level; 

a first capacitor connected across said flrst and second 



a second capacitor connected across said second pad 
and said third pad; 

a first and second MOS transistor connected source to 
drain between said second pad and said second 
phase output including means for energizing said 
first transistor during said first phase and said sec- 
ond transistor during said second phase whereby 
said first voltage level is applied to said second pad 
during said first phase and said second voltage level 
is applied to said second pad during said second 
phase; 

a third MOS transistor connected between said third 
pad and said second voltage level including means 
for energizing said third transistor during said first 
phase for transferring said second voltage level to 
said third pad; 

a fourth MOS transistor connected between said third 
and fourth pad operable during said third phase for 
connecting said third and fourth pads together; 

a fifth MOS transistor connected between said first 
pad and said third phase output energizable during 
said second phase for transferring said first voltage 
level to said first pad; 
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whereby during said first phase of operation said 
second capacitor is charged to a voltage which is 
the difference between said first and second voh- 
ages applied to said second and third pads, respec- 
tively, through said first and third MOS transistors 
and whereby during said second phase said first 
capacitor is charged to a voltage which is the differ- 
ence between said second and first voltges supplied 
by said second and fifth transistors, respectively, 
and whereby during said third phase of operation 



10 



said third and fourth pads are connected together 
through said fourth MOS transistor to thereby 
apply the voltage on said capacitors to said fourth 

3. The combination according to claim 2 further com- 
prising an output capacitor connected to said fourth pad 
and returned to said first voltage level to thereby pro- 
vide for the transfer of the charge across said first and 
second capacitors to said output capacitor. 

• • • • • 
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[57] ABSTRACT 

A voltage boosting circuit comprises a plurality of units 
connected in sequence and each composed of a con- 
denser and a plurality ofMOS-FETs without any trans- 
former or diode. The boosting circuit lends, itself to 
miniaturization by integrated circuit technique. 

7 Claims, 8i- Drawing Figures 
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held calculator and especially to a boosting circuit 
CIRCUIT FOR OBTAINING DC VOLTAGE which is suitable for incorporation integrated circuitry. 
HIGHER THAN POWER SOURCE VOLTAGE FIG. I illustrates a two sUge voltage boosting circuit 
mrsi rs rm/rsnmr^iki ' ^ccordancc with the invention comprising two boost- 
FIELD OF INVENTION j ^^^^ j j connected in scries. Unit 1 comprises a 
The present invention relates to a voltage boosting P type MOS-FET 3 and an N type MOS-FET 4 con- 
circuit and particularly a circuit that can be miniatur- nected so as to constitute an inverter. The gates of both 
ized by integrated circuit techniques. of the MOS-FETs are connected to an input tenninal 

13. The source of MOS-FET 3 is connected to a power 

BACKGROUND OF INVENTION iq supply terminal 16. The source of MOS-FET 4 is con- 

The conventional voltage boosting circuit employing nected through a connecting point 19 to one terminal of 

a transformer, diode and condenser is very dilHcult .to ^ condenser 6, the other terminal of which is co nnecte d 

miniaturize by integrated circuit techniques. Therefore, to an input terminal 15. The source of the MOS-FET 4 

the space requirements of the conventional voltage is also connected through the connecting point 19 to the 

boosting circuit make it unsuitable for use where small 15 source of an N type MOS-FET 5. the gate of which is 

size is required, for example in a wristwatch or hand connected to the d rains of MOS-FETs 3 and 4. The 

held calculator. Furthermore, the cost of the circuit ^™ ^ MOS-FET 5 is connected to a voltage supply 

elements comprising a transformer and diode is high so tcnmnal 14. 

that the cost of an electronic watch or calculator utiliz- ^^t^} iSS!"^"^ a P type MOS-FET 8 and an N 

ingthevoltagebbostingcircuitiscorrespondinglyhigh. 20 type MOS-FET 9 Which are ^nnectod^so as to constir 

tute an mverter. The gates of MOS-FETs 8 and 9 are 

SUMMARY OF INVENTION connected through a connecting point 7 to the drains of 

The present invention aims to eliminate the above MOS-FETs 3 and 4. TTie source of MO?^T 8 is 

noted disadvantages by providing a voltage boosting „ connected to the jwwer supply 

circuit which can readily be miniaturized by integrated " MOS-FET 9 is connected through a connecting 

circuit techniques. In accordance with the invention, ^\ 2? «?f. » condenser 11. the oft^r 

the voltage boosting circuit comprises a plurality of ^"^"^ fj^'^'l^J^^ ^ ^^"S^ 

units wWJh are connected in sequence and each corn- f ^^^'Yf^ contacted throu^tte 

prises a condenser and a plurality of MOS-FETs. As the ""^^^l , k'^i? ^"^^^^ 

voltage boosting circuit in accordance with the inven- ^^^^''^^^^/"[^^^^^^ 

f '^r^r^ ^r.* ™«;«. ««w *^^.r^^^ A\^^ u nectmg pomt 12 to the drams both of MOS-FETs 8 and 
twn does not require any trMsformers or diod« it can , jhe d^^ of MOS-FET 10 is connected to the con- 
be mcorporatedmintegi^ nectingpointl9ofthefustboostingunitl. 
able for use >n a smaHsized electronic watch or cakula- ^ ^ comiections of each of the ter- 
tor. The desired b<^mg ma^fication is attained by 33 ^5 ^ „ ^^^^ ^3 ^ 
employing a plurahty of the boostmg units oomiectod m ^ ^^^y^ an input signal is appUed for driving 
sequence wiA the output voltage of one umt applied as j^e voltage boosting circuitSuch sigtSial may for ezan^ 
the input voltage of the next umt pie be a divided s|gMl fromanoscif gdrcuitsuchas 
BRIEF DESCRimON OF DRAWINGS ^ available in a tnnepiece. Terminal 14 is connected to 
^ ^ ^. ^ 40 the low voltage point of a power soiiroe while terminals 

Thc^ above mentioned and further objects, features 15 ig ^rc connected to the high voltage point of the 

and advantages of the pr«ent invention will become p^^^ sluice. Terminal 15 is a termuial to which is 

more apparent from the followmg descnption when applied a signal which is 180* out of phase with the 

taken in connection with the accompanying drawings in ^gnal applied to termmal 13. Terminal 17 is the output 

4S terminal of the voltage boosting circuit. 

FIG. 1 is a circuit diagram of a voltage boosting The operation of the voltage boosting circuit shown 

circuit m accordance with the invention having two in FIG. 1 will now be described with reference to FIG. 

voltage boosting units; 2 in which the waveforms are designated by the same 

FIG. 2 shows diagrammatically the voltage forms of reference numerals as the respective points of the cir- 

each portion of the circuit of FIG. 1; . 50 cuit in FIG. 1. 

FIG. 3 is a circuit diagram of a voltage boosting Assuming that the power source is negative and has a 

circmt havmg three voltage boosting units; voltage of 1 volt, the voltage of terminals 16 and 18 will 

FIG. 4 is a circuit diagram of a voltage boosting be 0 volt and the voltage of terminal 14 wUl be - 1 volt, 

circuit having two voltage boosting units; The voltage of the termmal 17 will be about - 1 volt by 

FIG. 5 shows waveforms for explaining the operation ss the charge of condenser 11 through the parasitic diode 

of the circuit of FIG. 4; of N type MOS-FETs 5 and 10. Similarly, the voltage of 

FIG, 6 is a circuit diagram of a voltage boosting connecting point 19 will be about — 1 volt 

circuit having three voltage boosting units; fa this condition, when the voltage of input terminal 

FIG. 7 shows waveforms for explaining the operation 13 becomes - 1 volt and the voltage of input terminal 

of tiie circuit of ¥\G. 6; and 60 15 becomes 0 volt, the P type MOS-FET 3 becomes to 

FIG. 8 is a block diagram of the circuitry of an elec- ON condition provided that its threshold voltage VTP 

tronic wateh using a boosting circuit in accordance is lower than 1 volt and N type MOS-FET 4 becomes to 

with the present mvention. OFF condition as its source voltage is equal to the gate 

nF<5r» TPTTOM HP PB FPRB p 1= n voltage. Therefore, the voltage of the connecting point 

65 7 common to the drains of MOS-FETs 3 and 4 becomes 

tjMtMjuuvitiNia: 0 volt and N type MOS-FET 5 becomes to ON condi- 

The present invention relates to a voltage boosting tion provided that its threshold voltage VTN is lower 

circuit suitable for use in an electronic watch or hand than 1 volt. Moreover, as the voltage of the connecting 
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point 7 is 0 volt, P type MOS -FET 8 becomes to OFF first boosting unit 40 comprises a P type MOS-FET 42 

condition and N type MOS-FET 9 becomes to ON as a switching element. The source of P type MOS-FET 

condition. The source and gate voltages of N type 42 is connected to a high voltage point 50 of a standard 

MOS -FEi 10 are equal to one another whereby MOS- voltage power source. An input pulse b applied to 

FET 10 becomes to OFF condition. 5 the gate of the P type MOS-FET 42, The gate of an N 

As the voltage of terminal 15 is 0 volt, the condenser type MOS-FET 43 is connected to a low voltage point 

6 is charged through the N type MOS-FET 5 which is 45 of the standard voltage power source. The drains of 

in ON condition. The voltage of the connecting point MOS-FETs 42 and 43 are connected together and to the 

19 becomes - 1 volt whereby the condenser 6 is given gate of an N type MOS-FET 44, the drain of which is 
a charge corresponding to a drop of potential of 1 volt. 10 connected to the low voltage terminal 45 of the stan- 

When tiie input signals are inverted so that the volt- dard voltage power source. The source of N type MOS- 
age of terminal 13 becomes 0 volt and the voltage of fet 43 is connected through a connection point 46 to 
terminal 15 becomes - 1 volt. P type MOS-FET 3 is the source of N type MOS-FET 44 and to one terminal 
changed to OFF condition and N type MOS-FET 4 is ^ condenser 47, the other terminal of which is con- 
changed to ON conditioiL Thwfore. the source and 15 ^^^ted through an inverter 48 to the input of pulse 

Sle?Sh^v MO^ ^ ^""^^"^ ^^^''^ '"P"^ *.is apphed 

another whereby MOS-FET 5 becomes to OFF condi- ^ connecting point 46 tiirough tiie inverter 48 and 

il* . . ^ _, , J. the condenser 47. 

HowevCT tiie condenser 6 does not suddenly dis- ^^^^ ^^^^ 41 has a P type MOS-FET 

charge so that the voltage of 49 of which the source is comiected to thfhigh voltage 

age of the terminal 7 of the first booster unit likewise 'r^Jfl'^lSo™ thtLt' l^^^r^r ^ rtl 
becomes - 2 volts. This causes P type MOS-FET 8 to ^ 'JSL .^^7r ^l^"""*** '""^fTf ' ^'J^J 
change to ON comlition and N tj?^ MOS-FET 9 to 25 ^ond boosUng unit further c^^^ 
chanie to OFF comlition. TTiereforTthe voltage of tiie '^'tF'^Z r^lf 'll!^?""'*^ to the connec- 
comiecting point 12 becomes 0 volt whereby N type SfA^^^cf i^c/"^ boosting umt The drams of 
MOS-FET 10 becomes to ON condition. Hence, the MOS-FETs 49 and 52^ connected together and to tiie 
condenser 11 is charged tiirough N type MOS-FET 10 of an N type MOS-FET 5t tiie dram of which is 
so that tiie voltage of connecting point 20 and hence tiie 30 fo^nected to the connection pomt 46 of the first boost- 
voltage of terminal 17 becomes lower than - 1 volt. At N type MOS-FET 52 is con- 
tiiis time the first condenser 6 discharges. nectcd through a connecting point 55 to tiic source of N 
When tiie mput signals are again inverted so Uiat the ^ MOS-FET 51 and to one terminal of a condenser 
voltage of tiie input terminal 13 is - 1 volt and tiie ^« terminal of which is connected to tiie high 
voltage of terminal 15 is 0 volt, the first condenser 6 is 35 voltage point 50 of the standard power source. The 
again charged and the stored charge is transferred to the connecting point 55 is also connected to an output ter- 
second condenser 11. 

Upon repetition of tiie described operations tiie con- Th« operation of the voltage boosting drcuit shown 

denser 11 is solely charged so that a voltage which is ^ ^ be described with reference to the 

twice that of the power source is generated at the out- 40 accompanying wavefomos shown m FIG. 5. 

put tenninal 17. Furthermore, if a load is connected An mput pulse <f»i of the waveform shown in F IO,^ 

between tiie terminals 16 and 17, tiie second condenser applied to the gate electrode of the P type MOS-FET 

11 is charged by the repeated switching operation in of the first boosting unit 40 and an mverted signal $i 

spite of discharge of the condenser 11 by the load so applied by the inverter 48 to the gate of die P type 

that an output voltage is maintained at a constant level. 45 MOS-FET 49 of the second boosting unit 41 and also to 

Accordiog to the present mvention, the MOS-FETs the condenser 47. In this condition, if the voltage of 

of the voltage boosting circuit are easQy incorporated in bigh voltage point 50 of the standard power, source is .0 

the logic of an mtegrated circuit employed in an elec- volt and the voltage of the low voltage pomt 45 is —.1 

tronic thnepieoe or a hand held calculator whereby . volt» the P type MOS-FET 42 becomes to ON condition 

only the condensers need be provided as independent 50 ^ben the voltage of input pulse $i is — 1 volt Further, 

additionalelements. Accordingly, the space required by N .type MOS-FET 44 becomes to ON condition 

the voltage boostmg circuit for an electronic watch or whereby the voltage of the connecting point 46 be- 

calculator is remarkably reduced as is also the cost. comes — 1 volt. At this time, the voltage of the con^ 

Furthermore, it is possible to obtain more than twice the denser 47 m the output side of the inverter 48 is 0 volt 

voltage of the power source by using additional boost- 55 Thereafter, when the voltage o f inp ut pulse is 

ing units. changed to 0 volt P type MOS-FET 42 changes to 

Thus, for example FIG. 3 shows an embodiment of OFF condition, the voltage of the connecting pomt 46 

the invention having three voltage boosting units 21, 22 is lowered to —2 volts aocordmg to a changed voltage 

and 23 connected in series with one another. In units 21 of - 1 volt of con denser 47 in the output side of inverter 

and 22 corresponding parts have been designated by the 60 48. N type MOS-FET 44 becomes to OFF condition 

same reference numerals as in FIG. 1. The third voltage and N type MOS-FET 43 becomes to ON condition. . 

boosting unit 23 in like manner comprises MOS-FETs When the voltage of input pulse is changed to - 1 

31, 32 and 33 and a condenser 34. The operation of tiie Volt P type MOS-FET 42 and N type MOS-FET 44 

embodiment. shown in FIG. 3 will be understood from become to ON condition whereby the voltage of . con- 

the foregoing explanation of the operation of the em- 65 necting point 46 is changed to - 1 volt according to the 

bodiment of FIG. 1. OFf condition of N type MOS-FET 43. FIG. 5 shows 

FIG. 4 diows another embodiment of the invention the change of voltage of the connecting point 46 by 

comprismg two voltage boostmg units 40 and 41. The . waveform 46a 



4,061,929 

5 6 

In the second boosting unit 41 when the voltage of. connecting point 73 of the second boosting unit. The 
the inverted input pulse $| applied to the gate electrode drains of MOS-FETs T7 and 79 are connected to the . 
of P type MOS-FET 49 is - 1 volt, P type MOS-FET gate of an N type MOS-FET 78, the drain of which is 
49 becomes to ON condition and N type MOS-FET 51 connected to the connecting point 73 of the second 
also becomes to ON condition. Therefore, the voltage S boosting unit 61. The source of N type MOS-FET 79 is 
of the output terminal 53 becomes —2 volts (at this time connected through a connecting point 82 to the source 
the voltage of the connecting point 46 is —2 volts). of N type MOS-FET 78 and to one terminal of a con- 
Thereafter, when the voltage of the inverted input pulse denser 81, the other terminal of which is connected to 
$1 becomes 0 volt, P type MOS-FET 49 and N type the high voltage point 59 of the standard voltage power 
MOS-FET 51 become to OFF condition and N type 10 source. The connecting point 82 and hence one terminal 
MOS-FET 52 becomes to ON condition. of the condenser 81 are connected to an output terminal 

In this condition, no electric power is applied to the 80. 
output terminal 53. However, the voltage of the output . The operation of the embodiment of the present in- 
terminal 53 is maintained at —2 volts by the charge of vention shown in FIG. 6 will now be. explained with, 
the charged condenser 54. FIG. 5 shows a waveform IS reference to the accompanying wavefonns shown in- 
53a which represents the voltage of the output terminal FIG. 7. 

53. It will thus be seen that the voltage is boosted by a An input pulse <^ as indicated by the waveform 4>2 in 

factor of 2 by connecting the first boosting unit 40 and I^G. 7 is applied to the gate of the P type MOS-FET 63 

the second boosting unit 41 in series. of the first boosting unit 60. A pulse having the same 

FIG. 6 shows a further embodiment of a boosting 20 phase as the waveibrm <^ is applied to the gate elec; 
circuit in accordance with the present invention for trode of the P type MOS*FET 77 of the third boosting 
obtaining a voltage boosted by the factor of 3. The unit 62 and to the condenser 76 of the second boosting 
embodiment illustrated in FIG. 6 comprises a first unit. An inverted input pulse ^ which is 180* out of ■ 
boosting unit 60, a second boosting unit 61 and a third phase^th the input pulse <^ as indicated by the wave- 
boosting unit 62. The first boosting unit M has a P type 25 form <^ is applied through the inverter 68 to the gate of 
MOS-FET 63 as a switching element of which the P type MOS-FET 70 of the second boosting unit and to 
source is connected to a high voltage point 59 of a the condenser 66 of the first boosting uniti 
standard voltage power source. An input pulse <h is In this condition, if the voltage of the high voltage 
applied to the gate electrode of the P type MOS-FET point 59 of the standard voltage power source is 0 volt, 
63. The first boosting unit 60 further comprises an N 30 and if the. voltage of the low voltage point 69 of the 
type MOS-FET 64, the gate of which is connected to a power source is — 1 volt, a signal as indicated by the 
low voltage point 69 of the standard power source. The waveform 67a is generated at the connecting point 67 
drains of MOS-FETs 63 and 64 are connected together by the input pulse ^ which is sequentially operated to 0 
and to the gate of an N type MOS-FET 65, the drain of volt and — 1 volt. This signal is applied to the drain 
which is connected to the low voltage point 69 of the 35 electrode of N type MOS-FET 71 and to the gate of N 
stand ard vo ltage power source. The source of N type type MOS-FET 72 in the second boosting unit 61. If the . 
MOS-FET 64 is connected through a connecting point voltage of the inverted input pulse $2 is — 1 volt, P type 
67 to the source of N type MOS-FET 65 and to one MOS-FET 70 becomes to ON condition and N type 
terminal of a condenser 66, the other terminal of which MOS-FET 71 also becomes to ON condition. At this 
is connected through an inverter 68 to the input of the 40 time; the voltage of the connecting point 67 is — 2 volts, 
. input pulse whereby the voltage of the connecting point 73 of the . 

Th e seco nd voltage boosting unit 61 has a P type second boosting unit is also —2 volts since N type 

MOS-FET 70 as a switching element, the source of MOS-FET 71 is in ON condition. _ 

which is connected to the high voltage point 59 of the When the voltage of the inverted impulse pulse $2 

standard voltage power source. The input pulse ({►2 is 45 changed to 0 volt, the P type MOS-FET 70 and N type 

applied to the gate electrode of the P type MOS-FET MOS-FET 71 become to OFF condition and N type 

70 through the inverter 68. The second boosting unit 61 MOS-FET 72 changes to ON condition. At this tune 

further comprises an N type MOS-FET 72, the gate of the voltage of the output of the inverter 75 changes 

which is connected to the connecting point 67 of the from 0 volt to - 1 volt whereby the voltage of the 

first boosting unit 60. The drains of MOS-FETs 70 and 50 terminal 73 through the condenser 76 changes from -2 . 

72 are connected together and to the gate of an N type volts to —3 volts. The change of voltage of the con- 

MOS-FET 71, the drain of which is connected to the nccting point 73 is indicated by the waveform 73fl in 

connecting point 67 of the first boosting unit. The FIG. 7. The voltage change of the connecting point 73 

source of N type MOS-FET 72 is connected through a is applied to the drain electrode of N type MOS-FET 78 

connecting point 73 to the source of the N type MOS- 55 and to the gate of N type MOS-FET 79 in the third 

FET 71 and to one terminal of a condenser 76, the other boosting unit 62. If the input pulse <>2appHed to the gate 

terminal of which is connected through inverters 74 and electrode of P type MOS-FET 77 is - 1 volt, P type 

75 to the input of input signal iff 2- Thus, the input pulse MOS-FET 77 becomes to ON condition and N type 

^2 is applied to the connecting point 73 through invert- MOS-FET 78 also becomes to ON condition. A voltage 

ers 74 and 75 and condenser 76. 60 of - 3 volts is then generated at the connecting point 73 

The third boosting unit 62 similarly to the second and is applied to the output terminal 80 through the N 

boosting unit 61 has a P type MOS-FET 77 as a switch- type MOS-FET 78 which is in ON condition. The volt- 

ing element the source of which is connected to the age at the output terminal 80 is maintained by the 

high voltage point 59 of the standard voltage power charge on the condenser 81. 

source. A pulse signal generated by the inverter 75 is 65 Further, when the voltage of the input pulse applied 

applied to the gate of the P type MOS-FET 77. The tothe P type MOS-FET 77 changes to 0 volt and P type 

third boost ing unit 62 further comprises an N type MOS-FET 77 and N type MOS-FET 78 thereby 

MOS-FET 79, the gate of whic is connected to the change to OFF condition, the voltage at the output 
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terminal 80 is maintained at ~3 volts, as indicated by 
the waveform %0a. It is thus possible to obtain a voltage 
boosted by the factor 3 by connecting the first, second 
and third boosting units 60. 61 and 62 respectively in 
scries with one another. 5 

FIG. 8 is a block diagram showing the circuitry of an 
electronic watch having a boosting circuit in accor- 
dance with the present invention. The signal produced 
by an oscillating circuit 90 having a quartz element is 
divided by a dividing circuit 91 to obtain a 1 Hz stan- 10 
dard pulse which is applied to a level shifter 91 A di- 
vided ^gnal generated from a selected one of the divid- 
ing steps of the dividmg circuit 91 is applied to a boost- 
ing circuit 96 as an input pulse. The boosting circuit 96 
generates a voltage which is three times the standard 
voltage. This boosted voltage is applied to the level 
shifter 92, a time measuring device 93, a driving circuit 
.94 and a display device 95. The level shifter 92 shifts the 
level of the standard pulse from the dividing circuit 91 
and applies it to the time measuring device 93. The time ^ 
measuring device 93 generates a counting signal corre- 
sponding to the time and applies the counting signal to 
the driving circuit 94 after changing the counting signal 
to a selected code for operating the display device 95, 
for example a digital display device in which the digits • 
are composed in known manner of seven segments. The 
driving circuit 94 amplifies the signal and applies it to 
the display device 95. 

As will be understood by those skilled in the art. 
many variations and modifications of the embodiments 
illustrated by way of example in the drawings may be 
made and hence the invention is in no way limited to 
these embodiments. 

According to the invention, the boosting circuit is 33 
composed of a plurality of boosting units, each com- 
prised of MOS-FETs and a condenser, whereby it is 
possible to obtain a smaller boosting unit than with a 
conventional boosting unit having diodes. Furthermore, 
it is possible to mount the boosting unit on the same chip ^ 
with other circuitry. As the voltoge of the commonly 
connected source electrodes of the first and second 
MOS-FETs of one unit is employed as the standard 
voltage of the next boosting unit, it is possible easOy to 
obtain a desired boosting magnification by connecting a 43 
plurality of the boosting units in sequence with each 
other. 

What I claim is: 

1. A voltage boosting circuit comprising a plurality of 
boosting units connected in series, each of said units 50 
comprising a condenser and an MOS-FET, said MOS- 
FET of a first unit being connected between one termi- 
nal of said condenser and one terminal of a power 
source so as to connect said terminal with said power 
source when said MOS-FET is conductive and said 55 
MOS-FET of a succeeding unit being connected be- 
tween said terminal of said condenser of the preceeding 
unit and one terminal of said condenser of said succeed- 
ing unit so as to connect said terminals of said condenser • 
when said MOS-FET is conductive, and means for 60 
switching said MOS-FET, said switching means of each 
said unit comprising a second MOS-FET having a 
source connected to the opposite terminal of said power 
source, a third MOS-FET having a source connected to 
the source of said first mentioned MOS-FET and to one 6S 
terminal of said condenser, means connecting the drains 
of said second and third MOS-FETs to the gate of said 
first mentioned MOS-FET and means for applying a 
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pulse signal to the gates of said second and third MOS- 
FETs. 

2. A voltage boosting circuit accordmg to claim 1, 
further comprising means for applying to the other 
terminal of said condenser a pulse signal which is 180* 
out of phase with, said first mentioned pulse signal. 

3. A voltage boosting circuit comprising a plurality of 
boosting units connected in series, each of said units 
comprising a condenser and an N type MOS-FET, 

said MOS-FET of a first unit being connected be- 
tween one terminal of said condenser and the low 
voltage point of a power source so as to connect 
said terminal with said power source when said 
MOS-FET is conductive, and 

said MOS-FET of a succeeding unit being connected 
between said terminal of said condenser of the 
preceeding unit and one terminal of said condenser 
of said succeeding unit so as to connect said termi- 
nals of said condenser when said MOS-FET is 
conductive, and 

means for switching said MOS-FET of each unit, said 
switching means comprises a second MOS-FET 
having a source connected with the high voltage 
point of said power source, a third MOS-FET 
having a source connected to the source of said 
first mentioned MOS-FET and to one tenninal of 
said condenser, means connecting the drains of said 
second and third MOS-FETs to the gate of said 
first mentioned MOS-FET, means for applying a 
signal pulse to the gate of said second MOS-FET, 
and means for connecting the gate of said third 
MOS-FET and the drain of said first mentioned 
MOS-FET to the low voltage point of said power 
source. 

. 4. A voltage boosting circuit according to claim 3, in 
which said signal pulse applying means includes means 
for applying signals of opposite phase to the gates of 
said second MOS-FETs of successive units in said se- 
ries. 

5. A voltage boosting circuit according to claim 4^ 
which comprises three of said units connected in series. 

6. A voltage boosting circuit for an electric watch 
comprising in combination: 

a first voltage boosting unit comprising a first switch- 
ing means composed of P and N types FETs» a 
second switching means controlled by an output of 
said first switching means, a first condenser having 
one terminal connected to at least said second 
switching means, a first input tenninal connected 
to said first switching means and having a first 
clock signal applied thereto, a second input termi- 
nal connected to said second switching means and 
having a DC power source applied thereto, and a 
third input terminal connected to the other termi- 
nal of said condenser and having a second clock 
signal with a phase difference of 180* from said first 
clock signal applied thereto, 

a second voltage boosting unit comprising a third 
switc hing means composed of P and N types, 
FETs, a fourth switching means controlled by an 
outpiit of said third switching means,, a second 
condenser having one tenninal connected at least 
to said founh switching means, means for applying 
a third clock signal to said third switching means, 
means connecting said fourth switching means 
with a connecting point between said second 
switching means and said one terminal of said first 
condenser, means connecting the other terminal of 
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said second condenser and a booster output termi- 
nal connected with a connecting point between 
said fourth switching means and said second con- 
denser, 

n electric charge kept in said first condenser of said 
first voltage boosting unit being transferred to said 
second corndenser when said second switching 
means is turned OFF and said fourth switching 



10 



7. A voltage boosting circuit according to claim 6, in 
which one terminal of said first switching means in said 
first voltage boosting unit is connected to a connecting 
point between said first condenser and said second 
switching means, one terminal of said third switching 
means in said second voltage boosting unit is connected 
to one terminal of said first switching 'means, and an* 
other terminal of said third switching means is con- 
nected to a connecting point between said fourth 



means is turned ON, whereby a DC voltage, is 

obtained at said output terminal which is at least 10 switching means and said siecond condenser, 
twice that of the input DC power source. . • • • « • 
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ABSTRACT 



A voltage multiplier for an electronic time-measuring 
apparatus comprising cells, each of which including 
two capac itors, a pair of complementary field-effect 
transistors (PETS) acting as switches, and an inverter 
comprising a pair< of FETS. The elements of the cells 
are such that they are capable of being integrated to- 
gether with the rest of the circuit of the time-measuring 
apparatus. 

The voltage to be increased is fed via a first capacitor to 
the first pair of FETS'S and at the same time to the 
input of the inverter whose ou4)ut drives with the cor- 
rect phase the fint pair of FETS'S, which alternatively 
switches the input signal to a common point of the cell 
and to an output terminal of the cell, thus charging a 
second capacitor with the opposite polarity than that of 
the input signal respective to the common point of the 
cell. In order for the input voltage to be farther in- 
creased, the cells can be cascaded in a chain, the com- 
mon point of one cell beuig connected to the output 
terminal of the preceding ceU. Each cell will add to the 
preceding one an amount of voltage equal to that of the 
input voltage. 

S Oahns, 9 Drawing Figures 
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displaced by a continuous voltage U/) with respect to the 
VOLTAGE MULTIPLIER FOR AN ELECTRONIC preceding point At the points C and E situated on the 
TIME APPARATUS right of capacitors 2 and 4 continuous voltages appear 

the size of which is a whole multiple of the value Ua 
The present invention relates to a voltage multiplier 5 The chain can be enlarged at will with cells formed by 
for electronic time apparatus. two capacitors and two diodes. This circuit however 

Entirely electronic watches (called "solid-state") only has a real practical value when one can neglect the 
need, for feeding their display, a voltage which , is voltage drops across the diodes relative to the value U* 
greater than the cell voltage. There are known and In watches, the rectangular pulse signal has its ampU- 
presenUyusttl voltage converters the forqi of tr^ 10 tude limted by the feed voltage (battery voltage) which 
formers or of simple inductances. The use of these ele- is in the region of 1.5 volts, whilst the voltage drop 
ments presents certain disadvantages the transformer is across a diode is of the order of 0.5 Volts, which is thus 
a relatively large and particularly expensive element, far from being negligible 

the number of ite ou^^^ The diagrams of FIGS; 2 to 6 are only valid if the 

must be well shielded so as not to dism^^ 15 jj^- ^ave capacitance values which are suffi. 

circmt The use of an mductance. on the other h^^^ high so tiu7the charging and discharging cur. 

S^^^^Snri^^^ rentstoXhtheyaresubjecSdatthefre^^ 
^ ^f^^ ^ ?T ^?^^^^"« input si^ does not noticeably modifylheir ^te of 

chaiBCtensticsoralteniatively itisneces»^ charge ^thus their voltage. ' «r ««« oi 

resistance. 20 ■ » . . ■ • • . 

The invention has for its object to seek to provide a .^^^^I^T-.^rr 1! B and C are 

voltage multipher device pniluding the above-men- only disUngmshed from t^h other by their continuous 
tioned faults. Its power le^el must be of the order of 1^^^* u 

microwatts, its output voltage must be very stable and ^fj,*'^?^ f^J ^ f"^ » 
little dependent of the charge at its output The ele- 25 JfJ^'^^^y- ^^IS^'f^^'.^? ""^^^^ ^* ^"^^ 
ments of which it is composed, finally, should be capa- ^.^^ ^Zl^^ "^'^^ contmuous components and 

ble of being made by means of the same fabrication »t »s possibl^p connect their capa^^^ 2 arid 4 between 
technique as the rest of the circuit of the time apparatus. ™ ^ E respectively. 

The time circuit and the multiplier should thus be capa- ^^^^ P®'"* * constant voltage it is 

ble.of being integrated together on the same base; 30 ^^^V possible to connect the capacitors at any other 
According to the present invention there is provided having a constant potential and only being 

a voltage multiplier for an electronic time apparatus displaced from the potential at point COM by a continu- 
comprising at least one cell including a first capacitor ^us component, in particular one or other terminal of 
transmitting sm mput signal to two complimentary field thp battery. . 

effect transistors, which transmit the input signal alter- 35 Considering the. example of FIG. 1 and the first cell 
natively to a common point of the cell and to an output cpniprised of the capacitprs 1 and 2 and diodes 5 and 6, 
terminal of the cell, the said transistors being controlled PO™^ C shows a continuous negative voltage of 

by a rcverser also controlled by the signal transmitted to ^^"^ Vp with respect to the point COM. If the point 
the transistors and fed by the voltage appearing at the ^ connected to the negative terminal of the bat- 

common point and at the output terminal of the cell, a 40 P^^i^^ ^ shows a continuous negative voltage 

second capacitor being connected between the output of value 2U/> with respect to the positive terminal of the 
terminal and a stable voltage point battery (which is found to be generally the earth of the 

The present invention be described further, by circuit). It is clear that one can reverse, the polarity of 
way of example, with reference to the accompanyiiig ^ output voltage by changing the polarities of the 
drawingSi in which: . - 45 diodes and by connecting the point COM to the positive 

FIG. lis a diagram illustrating the configuration of a terminal of the battery. On the other hand, it is not 
known voltage converter, essential that the capacitor 2 be connected to the point 

FIGS. 2-6 are diagrams illustrating the functioning of COM, it can be connected to any point at all having a 
the device shown in FIG. 1; fixed voltage and a small impedance (FIX). During the 

FIG. 7 shows a cell of a voltage multiplier in accor- 50 positive half of the input signal (U^ the diode 5 con- 
dance with the present invention; > ducts a current which charges the capacitor 1 (in FIO. 

FIG. 8 shows schematicaJJy, in section, the construe- I> positive to the left, negative to the right). During the 
tion of the transistors used m the voltage multq>lier of negative half (or zero), the capacitor 1 partially dis- 
the invention; and . charges across the diode 6, .which charges the c^Mcitor 

FIG. 9 is a diagram of a voltage multiplier in accor- 55 2. After several cycles, if the capacitor 1 does not dis- 
dance with the present invention. charge too much, the potentials indicated in FIGS. 3 

FIG. 1 shows a voltage converter using' capaci^rs 1 and.4 will have been-attained. The voltage drops on the 
to 4 and diodes 5 to 8. llie particular connection 6f ihe diodes will' cause, (voltage of battery: 1.5 Volts and a 
capacitors and diodes enables a continuous voltage to 'drop on the diodes: 0.5 Volts) a loss of more than 30% 
be obtain^ at an output E which voltage.bas an.ampli- fiO with respect: to a theoretical vahie. To avoid this incon- 
tude greater than the ampUtude of the pulses arriving at venience, the diodes should be.:replaced by active cle- 
an input point A. FIGS. 2 to 6 show voltage waveforms ments controlled at the correct frequency. 

Uo Un, and U^at the pouxts A, B, .Q D and E In the active circuit of FIG. 7, the capacitors 1 and 2 
of the circuit of FIG. 1. TTie point COM is a reference remafaii the diodes 5 and 6 of FIG. 1 on the other hand 
point At.the input A of the circuit a series of pulses of 65 have been replaced by transistors Tl and T2 respec- 
amplitiide Upare supplied and at the points B and D tively. The transistor Tl must be conductive during the 
situated to the right of capadtors l and 3, respectively, positive half of the input signal at A, whilst T2 must 
rectangular signals ^pear haiHiig;M amplitiuie cohductduring/ttenegativehalf of the input sig^ 
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With regard to the voltages at the points B, C and tively doped sub-strate 10, there is provided a p-channel 

COM, the transistor Tl must conduct when its source transistor by diffusing into this substrate two positively 

and its drain are found at the most positive voltage of doped layers 11 and 12 adapted to form respectively the 

the device. It is convenient thus to choose a p-channel source and the drain and on the substrate between the 

field efiect transistor (FET) for Tl because p-channel 5 two layers 11 and 12, an insulating layer of Si02 13 is 

FETs conduct when their control electrodes are pola- applied adapted to receive the control electrode of the 

rised negatively with respect to their two other elec- transistor, i.e. the gate. To make an n-channel transistor, 

trodes. Thus one can work with the voltage levels avail- a positively doped region 14 is buried in the substrate 10 

able in the system, the voltage at the point C being into which region 14 negatively doped layers 15 and 16 

stridently negative with respect to B and COM in the 10 are diffused and an insulating layer 17 is applied which 

time interval considered. It is equally easy to block the receive the drain, source and gate electrodes of the 

transistor Tl with a potential corresponding to the transistor. The negatively doped substrate 10 must be 

point COM, no other electrode of Tl being connected connected to a terminal having a voltage which is suffi- 

to a more positive voltage, which ensures its blockage. ciently positive with respect to the source and drain 

A similar reasoning indicates that T2 is, preferably, an IS electrodes of the p-channel transistors. For the posi- 

n-channel field effect transistor. It follows that the con- tively doped regions, their voltages must be sufficiently 

trol electrodes of Tl and T2 can be controlled by the negative with respect to the respective electrodes of the 

same signal, their complimentary character ensuring n-channel transistors. 

that conduction of only one transistor at a time. How- FIG. 9 shows a multiplier composed of two cells, 
ever, since the signal at the point B has correct voltage 20 There is shown the battery 20 with an indication of its 
levels for controlling Tl and T2 but the incorrect phase, polarity. There is also shown the final stage of the de- 
it is necessary to pass the signal through a reverser made vice, controlling the converter and which is composed 
v^th the complimentary transistors T3 and T4 for pro- of two transistors TIO, Til forming a reverser fed by a 
ducing a control signal having the correct phase. This signal F derived from a timer circuit. The transistors 
reverser must be fed by the levels of the points COM 25 represented in this diagram include, additional to the 
and C to function correctly. three conventional electrodes, a fourth electrode which 

Presuming that the input voltage at the point A passes contacts either the substrate or the casing of the transis- 

from its most positive level to its most negative level, tor. This electrode is shown with an arrow in the draw- 

the transistor Tl will conduct until the voltage is suffi- ing, an ingoing arrow is indicative of an n-chaimel tran- 

ciently lowered so that the reverser T3, T4 changes 30 sistor, an outgoing arrow of a p-chaimel transistor. The 

state. From this moment only the transistor Tl will be substrate of all the p-channel transistors is connected to 

blocked. Thus, the capacitor 1, which was charged, has the positive terminal of the battery. The casings of the 

a tendency to discharge, i.e. its charge will follow the n-channd transistors are directly connected to the 

input signal as long as the transistor Tl will conduct. In sources of their respective transistors. In effect, the 

a similar manner, when the reverser switches over, the 35 substrate, common to all the p-channel transistors, must 

transistor T2 conducts and has a tendency to discharge be placed at the most positive possible voltage, it is then 

the capacitor 2 into the capacitor 1, given that the volt- easy to connect it to the positive terminal of the battery 

age on the capacitor 2 is, at this moment, even greater which, in this instance, is connected to earth for the 

than the sum of the input voltage and the voltage on the whole circuit For the casings of the n-channel transis- 

capacitor 1. Moreover, it is only when the input voltage 40 tors, each transistor can have its own casmg if necessary 

has attained its ultimate most negative value that the and this must be at a sufficiently negative voltage with 

transistor T2 should itself conduct. The problem is simi- respect to the drain and source electrodes of the or each 

lar when the voltage at the input passes from its most transistor which it houses. It suffices to connect the 

negative level to its most positive level, the transistor casmg directly to the respective sources of the transis- 

T2 remains conductive too long and the transistor Tl 45 tors. It is preferable not to connect all the casings to the 

starts to conduct too soon. The switching transistors Tl most negative voltage of the circuit, as the threshold 

and T2 thus oppose the changing of the voltage con- voltage of the n-channel transistors depends greatly on 

trolled by the input. To palliate this inconvenience, the the polarisation of the casings, if this polarisation is too 

switching transistors Tl, T2 are provided having small great, the threshold voltage increases uselessly. In the 

dimensions with respect to the transistors of the input 50 solution adopted and illustrated in FIG. 9, the polarisa- 

stage (not shown) which furnishes the input signal U^. tion of the casing being small, the threshold voltage 

The signal then maintains very rigid pulse edges, in becomes independent of the voltage level. Thus, the 

spite of the charge which represents the transistors Tl n-channel transistors are grouped in boxes which are 

and T2. The earlier mentioned phenomenon is then of a just sufficiently polarised so that the source or drain are 

sufficiently short duration to be of no consequence. One 55 never negative with respect to the casing. . 

can also, as can be seen in FIG. 7, put a resistance R The first cell is composed of transistors Tl, T2, T3, 

between the point B and the transistors Tl and T2 to T4, a resistance R and two capacitors 1 and 2. It also 

largely reduce the influence of the transistors Tl and T2 includes a diode 6 connected between points C and B. 

during the switching over. The second cell is composed of transistors Tl', T2', T3' 

It is also sought to resolve the problem posed by the 60 and T4', a resistance R' and two capacitors 3 and 4, a 

polarisation of the substrate and the cases containing the diode 6' connected between points E (output) and D. 

field effect transistors forming the circuit The field The diodes 6 and 6' (similarly to FIG. 1) ensure a cor- 

effect transistor has four inputs, namely: the three con- rect starting of the multiplier when the output voltage is 

ventional electrodes: drain, source and gate, and an nil. 

electrode contacting the substrate, or the case in which 65 The voltage of the battery being Ua the output volt- 

they are located. In the *'C-MOS** (complimentary age is, theoretically, 3 Up, Two tables, shown below, 

•MOS) technique both types of transistors are provided give the results obtained Mrith two types of multipliers, 

on the same substrate. As shown in FIO. 8, in the nega- for different ou^ut. currents and the foDowing values: 
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frequency of control pulses: 250 Hz 
voltage of battery Vp = 2.5 V. 



Doubling (a single cdl) with Q = C2 = 


ai5 (iF» 


output voltage (V) 


output current (fiA) 


yield (%) 


S 


0 


0 


4.97 


as 


90 


4,7 


s 


93 


*C1. C2 = vthie of the eapacii 


ton 1,2 




Quadropling (three celb) with CI = C2 = . 


. . = 100 nF 


output voltage (V) 


output current 0*A} 


yield (%) 


9.7 


0 


. 0 


9 


ai 


75 


8 




78 



5 



10 



In the first case, the stability and the yield are very 
high, in the second, the two characteristics depend 20 
obviously on the quality of the transistors used. 

In so far as concerns the value of the frequency of the 
input pulses, it is to be noted that this is a compromise 
dictated by the dimensions of the capacitors on the one 
hand (preferring a high frequency) and the losses due to 25 
the stray capacitances (preferring a low frequency). 

One can see that the choice of MOS transistors pre- 
sents appreciable advantages: there is a compatibility 
between the multiplier and the *'C-MOS" logic of the 
time circuit, the losses of voltage are negligible in view 30 
of the lack of **ofiset** voltage of the field effect transis- 
tors, the problems of dissipation of energy in the control 
of the transistors do not exist, being given that the input 
impedence of these transistors is almost infinite. 
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I claim: 

1. A voltage miiltipUer for an electronic time appara- 
tus comprising, at least one cell, including two compli- 
mentary field effect transistors, a first capacitor, said 
first capacitor transmitting an input signal to said two 
complimentary field effect transistois, said transistors 
transmitting the input signal alternatively to a common 
point of the cell and to an output terminal of the cell, a 
reverser, said transistors being controlled by said re- 
verser, said reverser also being controlled by the signal 
transmitted to the transistors by said first capacitor and 
fed by voltages appcamg at the common point and at 
the output terminal of the cell, a second capacitor being 
connected between the output terminal and a stable 
voltage point of the cell. 

2. A multiplier s accordance with claim 1» in which 
the transistors of the multiplier are of smf>1 1 dimensions 
with respect to external transistors providing the input 
signal. 

3. A multiplier in accordance with claim 1, in which 
a resistance is connected between the first capacitor and 
the two tranastors of the cell. 

4. A multiplier in accordance with claim 1, in which 
the stable voltage point of the cell is one of the terminals 
of a battery for supplying the time apparatus and the 
output voltage of the multiplier is taken between the 
output terminal of the cell and a terminal of the battery. 

5. A multiplier in accordance with claim 1, in which 
several cells are connected in cascade, so that the com- 
mon pomt of one cell is connected to the output termi- 
nal of the preceding cell, the inputs of each of the cells 
being common and the stable voltage points of each of 
the cells being common. 
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[57] ABCTRACr 

A voltage multiplying circuit comprising a plurality of 
booster capacitors and switch means for first connect- 
ing the capacitors in parallel with a voltage source to 
charge, then reconnecting the capacitors in series with 
the source and in parallel with a storage capacitor, to 
dump the cumulative voltage into the storage capacitor, 
is characterized in that control signals for actuating the 
switch means are phased to forestall the formation of a 
path for leakage current that undesirably discharges the 
capacitors and reduces the conversion efficiency of the 
voltage multiplying circuit 

1 Claim, 6 Drawing Figures 
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^„„ . PIG. 2 is a diagram of the conduction states of the 

VOLTAGE MULTIPLIER CIRCUIT various switches of the circuit of FIG. 1 in timed rela- 

tion according to the teaching of the present invention; 

me present invention relates to an improvement in FIG. 3 is a schematic diagram of a FET voltage tri- 

voltage multiplying circuits. The voltge multiplying 5 pier; 

circuits of concern are of the foUowing type. At least FIG. 4 is a diagram of the conduction states of the 

one booster" capacitor is cyUcally connected in paral- various transistore of FIG. 3 as controlled in aocor- 

lel with a voltage source for charging during a "charg- dance with the present invention; 

11^" portion of the operating cycle, and then during a HG. 5 is a schematic diagram of one embodiment of 

dumpmg portion of the operatmg cycle switched into 10 a circuit for providing control signals in accordance 

a senes connection with the input voltage source across with the present invention; 

astorage capacitor. Since the potential across each FIG. 6 is a diagram of the conduction states of the 

booster capacitor cannot change instantaneously after transistors of the circuit of FIG. 5 and wavefonns of the 

switchmg the booster c^citor serves as an additional control signals generated thereby 

voltage source in it serial connection with the original 15 Referring to FIG. 1, an input voltage source, not 

voltage source, augmenting or "boosting" the potential shown, supplies the relatively positive potential 

apphed to the storage capacitor. Charge is transferred and the relatively negative potential Vcc The voltare 

to the storage capacitor ideaUy to charge it to ^neg- multiplying circuit shown in FIG. 1 generates a nega- 

lecting losses and other voltages reducing effects to be tive output voltage V^^, approximately twice as nega- 

descnbed —a multiple of the potential suppUed by the 20 tive with respect to V^^ad V^. Switch means S, and 

input voltage source and thereafter to keep it charged to Sjselectively connect a first plate 10 of a booster capaci- 

that level. The storage capacitor continually supplies tor C| to the positive and negative potentials Vo«and 

the multiplied potential to further circuitry and its V^s, respectively. The second plate 12 of capacitor C, is 

charge must be replenished to make up for the current selectively connected through a switch S. to the nega- 

consumed by this fitfther cir^^^^ 25 tive potential V^j^and through a switch means S. to one 

multiplier has been de^^ m U.S. Pat No. 3,824,447 plate 14 of a storage capacitor C^ TTie other plale 16 of 

iMued Ju^ }914io T. Kuwabara and entitled capacitor C^is connected to positive potential V«n. The 

"B(X)ster Circuit"; U.S. Pat No, 3,790,812 issued Feb. voltage at plate 14 of capacitV^C.is Sen as the Sitout 

5, 1974 to P. Fry and entitled "Device For Generating voltage Vgg. 

A High Voltage Supply" and in copending application 30 In general, the circuit of FIG. 1 operates in a cyclical 

7;.^^ Amplitude Multiplying Cir- fashion, alternating between a charging mode of opera- 

Snow!^! 'ITXV A. tion and dumping mode. In the charging mode, sJIdtch 

DjngwaU and assigned like the present application to means S, and S3 are closed and switch means S^ and Sx 

Vo„>??°'^^*^t u I . , ^PP^y^"S ^ss to plates 10 and 12, 

Vanous prior art voltage multiplymg circuits utdize 35 respectively, of C, -in effect paraUelling C, with the 

umdirectionallyconductmg elements, such as diodes, or input signal source supplying Vcc and V.^ Booster 

transistors wnnected like diodes, in the switching capacitor C, is perforce charged such that a potential 

means. The forward potential drops across each unidi- equal to V^^appears at plate 10 and Vc^at plate 12. In 

rectonal conductmg element undesirably interferes the dumping mode, switch means S, and S^are open and 
with the chargmg of the capacitors to a fiill muUtple of 40 switch means Sjand S^are closed to connect plate 10 of 

source potential and decreases the output voltage avail- capacitor C, to the negative potential tending to 

able from the voltage multiplymg circuit to a value boost the potential at plate 12 of capacitor C, to 2V^^ 

somewhat smaller than the desired multiple of input The connection of plate 12 of C, and of plate 14 of Cc 

voltage. Such decreases become appreciable where the permits charge to be transferred to Cc to bring both 

supply voltage is small, for example, on the order of 1.5 45 plates to a potential V^^ approaching 2Vcc. 

•^J!!!l. ^T^^ potential drops across the In the prior art, switch means S, thorough S* have 

n")^ ^^^^^ ""^^^^ ^^^^ responsive to a single control signal, or to ct)ntrol 

Tol^S r^^^^^ ^r- u signals having essentially simultaneous transitions. The 

To avoid this problem, circuits utilizing switch means present inventors have noted that such operation is 
consisung of transistors have been developed and are 50 disadvantageous in that all of the switch means may be 

descnbed, for example, by Rosenthal and Dingwall in momentarily conductive during the transitions provid- 

tfie above-mentioned apphcation Ser No. 578,913. ing a path for a leakage current that undesirably dis- 

While such transistor cin^its avoid the forward voltage charge the capacitors. For example, the output voltage 

drop problems associated with circuits utilizing unidi- of the FIG. 1 circuit is undesirably decreased by dL 

rectional deinen^ the present inventors have noted 55 charge of capacitors C, and C5 through paths provided 

Aat spurious duwharge of capacitors can occur during by concurrent conduction through switch meaiis S,and 

ae operation of the transistor switch means, decreasing S3, and switch means S3 and S4, respectively. ThiTflow 

theoutput voltge of the circmt below its ideal value. of leakage current entails the consumption of energy 

The present mvention provides a voltge multiplying which is lost to the circuitry for utiUzing and re- 

circuit wherein smtably phasmg the operation of the 60 duces the conversion efficiency of the voltoge^ultiply- 

respective switches in the circuit forestalls the occur- ing circuit High converaion efficiency is of particular 

^^tl *Jff^^i w P*;™"^"« discharge of the importance in applications demanding low power con- 

Mpaator th« undesirably lowers multiplied voltage sumption such as battery powered liquid crystol display 

output and reduces conversion efficiency of the voltage watches. 1 j ««Hiajr 

"K'^Si' • « In accordance with one aspect of the present inven- 

1 -I- r / , . , tion, the conversion efficiency of the voltage multiplier 

ino^W of a voltage multiply- circuit is improved by controlling switch mean^ S, 

mg curcuii; through S4 to effect two-step transistions between opcr- 
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ational modes including an intermediate switching con- have first and second electrodes, termed source and 

dition wherein all of the switch means are non-conduc- drain, which define the ends of a conduction path, the 

tive. More specifically, in any operational mode transi- conductivity of which is controlled by the potential 

tion, the following occurs: (1) all conductive switch applied to a control electrode, the gate. It should be 

means are rendered non-conductive to effect the inter- 5 appreciated that the respective first and second elec- 

mediate switching condition; and (2) the initially non- trodes may exchange operations as the source or drain, 

conductive switch means are then rendered condiictive. The source electrode is defined as the first or second 

Referring to FIG. 2, in the prior art, transitions from the electrode having, in a P-type IGFET, the highest po- 

charging to dumping mode occur at repetitive times fo> tential, and in an N-type IGFET the lowest potential, 

and transitions from the dumping mode to the charging 10 applied thereto. For conduction to occur the applied 

mode occur at times /|, with changes in the conductive gate-to-source potential (Vos) ^ ^ direction to 

states of the switch means occuring sunultaneously at forward bias the gate with respect to the source and 

such times. However, in accordance with the present must be greater in magnitude than the threshold voltage 

invention, assuming the circuit to initially be a charging (Vj) of the transistor. In the circuit of FIG. 3, transistor 

mode with switch means S| and S3 conductive and S2 15 P| serves as switch means Si, having source electrode 

and S4 non-conductive, control signals are generated to connected to Vopand drain connected to plate 10 of 

open switch means Sj and S3 at an instant tQ- slightly capacitor C). Transistor N|, having source connected to 

before time to, and further control signals are generated Vss and drain connected to plate 10 of capacitor C,, 

to close switch means S2and S^at an instant to^ slightly serves as switch means S^. Similarly, the function of 

after to. Thus, an intermediate switching condition A 20 switch means S3 is provided by transistor N2 having 

wherein all the switch means Si, S2, S3 and S4 are non- drain coupled to V^and source connected to plate 12 of 

conductive is interposed between the charging and capacitor Ci. A second stage comprising transistors Pj, 

dumping conditions. Similarly, in the transistion from N3and N4and capacitor Cais utilized in the tripler. The 

the dumping mode to the charging mode at time ri, source and substrate of transistor P2 are connected to 

switch means $2 and S4are opened at time ti~an instant 25 Vod» ^^^^ thereof is connected to plate 18 of 

before time f|, and switch means Si and S3 are closed at capacitor C2. Transistor N3 has its drain connected to 

a time ti'^ an instant after fi, to effect a two-step opera- point A, whereby the first and second stages of the 

tional mode transition. Thus, switch means Si and S3 are tripler are connected and has its source connected to 

never concurrently closed with switch means S2and S4, plate 18 of capacitor C2. The substrate of transistor N3 

which forestalls the establishment of a leakage path 30 has Vf^applied thereto (from plate 14 of capacitor C^. 

through which an unwanted discharge of capacitors Ci The second plate 20 of capacitor C2 is connected to 

and C^can take place. point B and to the source and substrate of transistor N4, 

Referring again to FIG. 1, output voltage V^gcan be the drain of which is connected to Vss- Transistor N5 

made a larger multiple of V^;; by breaking the connec- serves as switch means S4, the drain thereof being con- 

tion between points A and B in the circuit and inserting 35 nected to point B and the substrate and source thereof 

therebetween further stages. Such stages comprise being connected to plate 14 of capacitor C5. Transistors 

switch means analogous to switch means Si, S2 and S3 Pi and P2 are controlled by the application at their re- 

and booster capacitors analogous to booster capacitor spective gates of a control signal Qi; transistors N|, N3 

C], except with the switch means corresponding to S2 and N5 by application at their gates of a control signal 

connecting the capacitor to point A of the preceeding 40 Q2; and transistors N2and N4are controlled by applica- 

stage, rather than to negative potential V^^. The junc- tion at their gates of a control signal Q|. The control 

ture .between the further stage capacitor and the switch signals Qi, Qj and Q2 are illustrated in FIG. 6, and are 

means corresponding to S3 is connected to point B, or is generated, for example, by a circuit such as that illus- 

utilized as a "point A** and connected to the switch trated in FIG. 5, as will hereinafter be explained. The 

means corresponding to S2in a succeeding further stage. 45 control signals alternate between relatively positive 

The switch means of the additional stages are operated potential Vdd and relatively negative potential V^s- 

in synchronism with their respective corresponding Signal Qi has positive-going and negative-going ^ransi- 

switch means Si, S2 or S3 in the first stage. tions at times /q" ''*'ri+ respectively. Signal Q2, on the 

Switch means Si through S4 and any switches used in other hand, has positive-going and negative-going tran- 

additional stages, may be any electronically controlled 50 sitions at ^b*^ and /r, respectively. Signal Qi is the 

switch means such as, for example, insulated-gate-field- complement of signal Qi. 

effect transistors (IGFETs) of the enhancement or Referring to FIGS. 3 and 4 and to the diagrams of 
depletion type formed in bulk silicon, bipolar transis- control signals Qi, Qj and Q2in FIG. 6, the operation of 
tors, or transistors formed on an insulator substrate. A . the voltage tripler in FIG. 3 will be explained. In FIG. 
voltage tripler utilizing enhancement type IGFETs is 55 4, a conductive state is indicated by a level 1 and a 
shown in FIG. 3. Like reference characters in FIG. 1 non-conductive state indicated by level 0. Assuming the 
and 3 denote like components. Transistors of P-conduc- circuit to be initially in the charging mode, Qi and Q2 are 
tivity type are formed in an N substrate, and are identi- at low level, and accordingly, transistors Pi, N2, p2and 
fied in the drawing by the letter P followed by a refer- M4 are conductive and transistors Ni, N3 and N5 are 
ence numeral. Transistors of N conductivity type are 60 non-conductive. Thus, during the charging mode, ca- 
formed in P-wells diffused into the N-substrate, and are pacitor boosters Ci and C2 are, in effect, coupled in 
identified by the letter N followed by a reference nu- parallel between the positive potential V£>^and negative 
meral. In general, the respective substrates of P-conduc- potential Vss> and are isolated from capacitor Ca- 
tivity type and N-conductivity type ..transistors should pacitors Ci and C2are thus charged such that potential 
be connected to potentials, greater than or equal to the 65 appears at plates 10 and 18 and potential Vss up- 
most positive and less tiian or equal to the most negative pears at plates 12 and 20. The time constants of the 
potentials, respectively, applied to the source or drain circuit are such that the capacitors have attained essen- 
of the particular transistor. As is well known, IGFETs tially full charge within the charging period. At instant 
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lb" a twostep transition to the damping mode is initi- the char^ on the interconnection of its drain electrode 
ated. Control signal Q, undergoes a positive-going tran- and that of lower-transconductancc transistor N, at a 
sition. causmg transistors P„ Nj. P2 and N« to become relatively rapid rate compared with the rate the lower- 
non-conductive. Tlius, for a period beginning at fj- sU transconductance transistor N, can change the charge 
of the transistors in the circuit aie rendered non-con- 5 when a source-to-gate potential of V^d - Vegamplitude 
ductive and the intermediate switching state is assumed. is applied to it rather than to P,. Similarly, higher-tran- 
At bme fo+. however, control signal Qj undergoes a sconductance transistor P4 can respond to a source-to- 
positive-gomg transition, causing transistors N„ Njand gate potential with ampUtude equal to the difference 
N,to become conductive. The dumping mode of opera- between V^and V^oto change the charge on the inter- 
teon IS thereby effected wAerem: plate 10 of capacitor 10 connection of its drain electrode and that of lower-tran- 
C, IS coniiMted to negatave potenti^ V«, plate 12 of sconductance transistor at a relatively rapid rate 
capaator C, is connected to plate 18 of capacitor Cj, compared with the rate the lower-transconductance 

S^^Sfrr 1'^'°'^'*"'""*^'**'''?^**'^ transistor N« can when a source-t<vgate potential ^f 

capaator Sm« the voltage across a capacitor can- V^- V„ ampUtude is appUed to it rather Uian to P,. 

notchanp mstant«>eously, capacitoB C, and C, each 15 Refemng to FIGS. S Li 6, the operation of the 

opmte dunng transfer of charge to m effect, as circuit of FIG. S will be exphUned. It k assumed that 

batten« supp ymg a potential ideally of vdue inverters I,. I, or I, eriiibit So appreciable delay. T^e 

Vao- So the total potential, with respect to V^^ circuit is taken to be initially in the condition wherein A 

JS^SarrE^.'^rJ^'^^"'"*"'*^ «low, transistors P,andN.co!rduXra^StSrNt 

■^K^M^ffT^^ u ■ ^ n°n-««»ductive. At time r„-. clock <^ undergo^ a posi! 

™^l^„5i..Jr?;^ transition back to thecharging tive-going transition. Transistors P,and P4L th^by 

ti^:,^n?s^^g^„'^r^,Ld^; ;5?.t?^rj--rT4''^^'^^^^^^ 

tobJ^mSnon-conductivc. ftereby instituti^ S«! !Jo uX^ f <»ntrol sig- 

mediate switching condition whe^n aU switch means 25 y to V V iLH?^;^'"'^'^^?"" 

are non-conductive. At time f,+ control signal Q, un- pJ^J^^aZ^ V^^app hed to its gale and transistor 

dergoes a negative-going trahdtion causing^ran^ S^^f ^' ««iomes «,nductive, 

P.. P,and N,to tecome conductive, completing the V^?^ i"" «>?»'olf'g»?^ Q^.^om 

transition to the charging mode. Controlling transtetors ^ Jlf^T?"'' ?*««^^^ «<»°8 transition m control 

p D M M M J XT i .1. * J SJgnal Qi does not, m effect, occur until time «n+ 

Pi. Pji N), Nj. Nj, N4and N,m the manner described 30 *, , - ^1^1, a .„ ^ . » 

above prevents leakage paths permitting unwanted dis- . „ x' ' 1°^'' ^ undergoes a negative-gomg transi- 

charge of the capadlors unwaniea ois- tion. Transistors Pjand P4are thereby rendered conduc- 

A circuit for gating control signals Q,. QJand Q, "^^"^r^X' ^j? "P" 

isshowninno Swith Ae wavefoii^mfapitcloS l^^. V '^^J^ -f^ non-conductive, N, becomes 

signal 6 applied thereto, and the conduction ^ of 35 N,. with the positive potental removed 

thT^Msi^S^ ofTd^h S^Sot^^m^S. i ^? r- '^'^ nonnconductive. Control signal 

along with the waveforms of the control signals geJer E*!^!^" * retetyely instantoneous posi- 

ated. aock sigmd ^ is preferably a rectaiiuter wave ""^-S^*"? tradition from to V^^ The change in 

having positivSlgoii trSS at tiS^ and ^^/^ ^HJ'^'^Z"' V^J^*^ 

tive-glfaTtransitions at time <SJ^A 40 f"" >" ""Sh-impeda^ce and theref^^^^ 

pliedtothegateofatransistorPjandthrouSaX^v^. ""^f;'" delayed by a pr^ete™^^ 

tionalCMOSinverterl.tothe^teoftransfetorP* "ne T VT ^°"t'°'/'Snal Q« ^ POsitive-gomg 

respective souroes and substraL of P aSS "^T^, " """^ V »!f ^'ve-gomg traimtions at 

P4are comiected to positive potential V '-nTe^Z """v ."gn^l Q^Ccomphment of Q^) has 

rs^^r^aSC^d-K^ FS'?an"i%;iib""'"^'''T '^'^^r. ^ 

connected to negative potential V™. tiiat ii to olate 1* ■ f °^- } V^'f^ generatmg a multiplied nega- 

of capacitor Qin PIG^. lie dr^ ^^tSS.i "'"T^'''^ circuits can be modified to produce a 

connectedtothe interconnection of tiS™S«S 50 "f„S'n^^^^^^ 

tor P4 and gate of transistor N,. Similarly, tiie drain of Z ?T t , f ,^ 

transistor N, is comiected to the intercoiiectionofthe ^''J^^ff'V^ " 

drain of transistor P3 and the gate of transistoNj. M 1 T . T '^'^ • ^ 

win be hereinafter explained. Sntrol sijwb Q, a^ ^ mterchanging of potentwls can be effected 

are developed at the iiteiconnected drateof tiSora 55 '^'f "8 *e transistors with their respective wm- 

P4and N., and JJat the intercomiected drate of?^ plementary types and applying the ^mplement of tiie 

tors P, and N^Control signals and a^^ "^nals shown m FIG. 3. 

SriSllJ' ^ "^"^ SrvotStiplier Circuit comprising a source 

Transistors P^and P4have a transconductance that is «0 ""'fu*!' " '^^^ff ""^^^ 

mtimesaslargeas that of transistors NlaadlSTmS P"^;'?•!«ee *at is a mn^ple of mput voltage is made 

larger than 1, which is essential to tiie Sp^ o^S V^^r t^r°"^ T^f '^'^^ ^"^^ ''^"l 

of tiie FIG. 5 control sigmil generator fThe endroled '^^J'" cyclically generating a first control 

numerals near tiie sourHJtS^f ^P^^^S t^^lT^^' f'^fr'^^^^'T^^''''^, 

N, indicate die relative sizes of tiieir t^atScond^ 65 ^ ™!^l^"l'°f''^'^' ^"-^^ 

tances.) The higher-transconductance transistor P,^ fi"?^J°w^ ^, operatmg cycle r^pectively, a 

respond to a source^o-gite potential with ami^t^ e>««ttomcally «.ntroUed sw.teh means con- 

eqi^ to the difference bS^V«MdT„rchS ^ ^ "8"^ ^ connect 

-1 souu v|,0Hi cnange j^gj, booster capacitor across said source of input volt- 



age for charging and being otherwise non-conductive, 
and a second set of electronically controlled switch 
means conductive responsive to said second control 
signal to connect each booster capacitor in series with 
said source of input voltage across said storage capaci- 
tor for transferring charge to said storage capacitor and 
being otherwise non-conductive, the improvemisnt 



^086 , 

wherein said control signal generator is of a type for 
providing an interval between said first and second 
control signals in each cycle and for providing an inter- 
val between said second control signal in each cycle and 
the first control signal in the succeeding cycle. 
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4:,10QflS^.^Mnrk DetUon JJolhrook, Belle Mead, and Richard Plumb Fillmore^ 
Plainficld, N.J. VOLTAGE MULTIPLIER CIRCUIT. Patent dated 
Aug. 8, 1978. Disclaimer filed Apr. 20, 1979, by the assignee RCA 
Corporation. 

Hereby enters this disclaimer to all claims of said patent. 
[Official Gazette June 19^ 1979,] 
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[57] ABSTRACT 

A voltage step-up circuit, or booster circuit, wherein in 
response to a first signal a first switching element is 
enabled to charge a first capacitor with an input voltage 
iK^le a second switching dement is disabled, and in 
response to a second signal the second switching ele- 
ment is enabled to charge with the input voltage a sec- 
ond capacitor connected in series to the first capacitor 
while die first switching element is disabled. The sum of 
the voltages appearing across the fiist and second ca- 
pacitors is derived as an output voltage. The **ON" and 
*^FP' times of the first and second signals may be 
varied, and the ratio between the **ON" time of the first 
signal to the "ON" time of the second signal may also be 
varied. The number of switching elements and capaci- 
tors may be increased as needed* 

6 Oafans, 6 Drawing Figures 
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BOOSTFR rnirffTTT ^ switching elements Ql and Q3 are disabled. 

ituuMi£K CIRCUIT Therefore the input voltage V is applied across the 

BArirnpnTTMn ^m? tob tiLn/»..m^«.T capacitor C2 through the switching elements 02 and 

BACKGROUND OF THE INVBOTION Q4. TTie voltage VI across the capacitor C2 is substan- 

1. Field of the Invention ^ tiaHy equal to the input voltage V. 

The present invention relates to a booster circuit When the signal 4>1 chauges to '*(r and the signal <f>2 

j. Docription of the Prior Art changed to "1". the switching elements Q2 and Q4 are 

In order to drive a liquid crystal display device incor- disabled and the switching elements Ql and Q3 are 

porated in a desktop computer or in a pocket-size calcu- enabled. Therefore while the voltage across the capaci- 

^^\t\^^[^^ ""^ ^"PP^y ® ^^^^^ ^^^^ unchanged, the capacitor CI is charged 

01 4.3 to 10 V. In general the desktop computers and with the input voltage V through the enabled switching 

pockets calculators operate on one or two mercury elements Ql and Q3. The voltage V2 across the canaci^ 

^'f:!y.n"t^:^i"'^^ ^1 ^ substantially equal toihe bpTvo^T 

£M^ cS?ohrJ^^ 15 Now the output voltage Vout of the booster'or step. 

^S^A^T^^ ■ , . . "P V2 which is higher than the 

To this end DC-DC converters mdudmg a boostmg input voltaee V This orocedure « ren«,tS in r^«! 

tion IS as much as or exceeds the power consumotion in tu^ w^^* • / 

a load or a liquid crystal dispUy'^e^crSSi^e 20 chS^LSthm"^' "°P^"*^°^,?'? ^ 

the DC-DC converter represSits a oonsiderabteK^^ mJ^t « t ^^P" 

the cost of the desktop \x,mputerTthr^!ck?^^ ""f'^r f^^^^'T ''"^'''^T'^ • 

calculator so that the cost of the DC converteTmust be • V r «■ ^ ^^"^ * schematic diagram of a 

reduced m order to reduce the total cost of the calcula- u controlhng the output voltage Vout of the 

tor. «"^uia . booster cu-cuit shown in HG. 1, and HG. 3B shows the 

waveforms of associated signals therewith. With this 

SUMMARY OF THE INVENTION circuit, the ratio of the pulse duration of the "1" signal 

In view of the above, one of the objects of the present !^^^ P^^^ duration of the '•()" signal may be varied, 

invention is to provide a booster circuit with less power ^ ^ output 4>1 from the signal generator OSC is 

consumption. 30 ^^l^^cy divided in a flip-flop FF, and the output FS 

Another object of the present invention is to provide flip-flop FF and the output 4>1 from the signal 

a booster circuit best adapted to be implemented on an generator OSC are applied to AND gate AG! to derive 

one-chip calculator. the control signal <^la In a like manner, the output FS 

The above and other objects, features and advantages flip-flop FF and the output 4>2 from the signal 
of the present invention will become more apparent 35 generator OSC are applied to AND gate AG2 to derive 
from the following description of preferred embodi- output <l>2a which is applied to the switching ele- 
ments thereof taken in conjunction with the accompa- and Q3. Therefore the voltage appearing 
nying drawings. across the capacitor CI or C2 may be varied. 

BRIEF DESCRIPTION OF THE DRAWINn<! ^,J^^: ^ ^^P^'^ ^ schematic diagram of 

«a«'^»v.iui-iiuiN uf IHUDKAWINGS 40 another circuit for controUing the output voltage Vout, 
FIG. 1 is a schematic diagram of a booster circuit in F^G- *B shows the waveforms of associated signals 

accordance with the present invention; therewith. With this circuit, the ratio of the "1" state 

FIG. 2 is a timing diagram of signals controlling the duration of the control signal <f>l to the "1" state dura- 

opmuon of the booster circuit shown in FIG, 1; tion of the control signal ^2 may be varied. That is, the 

SS' « i? * diagram of a signal generator. 45 output <{>1 from the signal generator OSC is frequency 

FIG. 3B shows the waveforms of signals appearing at divided in a flip-flop FFl, and the output FSl from the 

yS"?. . *® generator shown in FIG. 3A; flip-flop FFl and the signal ^1 are applied to AND gate 

FIG. 4A IS a block diagram of another signal genera- AG3 to derive the control signal 4>2c which is appUed 

^Flf? A^-- A ^ ^ . , ?J2^ switching elements Q2 and Q4. The output from 

FIG. 4B shows the waveforms ofsignals appearing at 50 AND gate AG3; that is, the control signal 62c is m- 

the pomte of the signal generator shown in FIG. 4A. verted by an inverter i to derive the control signal 4>lc 
DESCRIPTION OF THE PREFERRED is applied to the switching elements Ql and Q3. 

EMBODIMENTS r,Jr^,^ voltage appearing across the capacitor 

In vin t -1. «^ . . f^er tiian the voltage across the capacitor CI so 

in FIG. 1 there is shown a first embodiment of the 55 that when another output voltage Vout2 is derived 

booster or stepHip circuit in accordance with the pres- across the capacitor C2, the drop in output voltage 

ent invention. An input voltage V which is of a silver Vout may be prevented ^ 

oxide battery of a voltage to be boosted is impressed Instead of the circuit shown in FIG 4A the canaci 

mlTmSS'^^K^' ISJ.? "^""^ '^^""^ C2 may have^eLvSpSLm^^^^^ 

mente Q1-Q4 such as MOS transistofs which are en- 60 tain the same effecte. «»p«««iiccs 

abled or disabled in response to signals <frl and <f>2 ap- So far Uie number of capacitors has been described as 

fi^OS^X'f^'^'^.^^'^ fitimadgnal gener- being two, but it will be aU^uo th^stT^^^ 

jTL.u J^^^ based on the description above. 

Next the mode of operation will be described. First it 65 Thus according to the present invention the enerov 

|sassum^thatnoc^^ effidencJma/t^SeSS^^^^ 

S^^^J;.^"" "^^'^ ?^ "^^ ^^Snal out the use of a tamsfoim«^ ^ ^ 

<fr2is'ty,thcswitchingdementsQ2andQ4areeiiabled Idahn: 
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1. Semiconductor unit for producing higher potential (b) second energy storage means coupled between 

than input voltage by the use of electric energy storage said second output terminal and said third output 

means comprising: terminal; and 

first and second input terminals for supplying electric & signal generating circuit for generating a first pulse 

energy to said unit; S signal train to be applied to said first switching 

a first switching circuit for transmitting the electric circuit and a second pulse signal train to be applied 

energy applied to said first and second input termi- ^ said second switching circuit, the pulses of the 

nals, said first switching circuit comprising a first second pulse signal trains being different 
electric switchmg element (Ql) and a second dec- 

trie switching element (Q3); *0 switchmg circuits being alternatively 

a second switching circuit for transmitting the dec- driven; ^ . . , ^ 

trie energy appUed to said first and second input ^^^^f^^y dectnc energy is stored m said first and 

terminals, said second switching circuit comprising , ^"^6^ ^^^^^^^ , , . , ^ - 

athirddectricswitdiingelement(Q2)andafour^ 2, Semiconductor umt acconimg to cl^^ 

dectric switching dem^t (Q4); the pulses of the first and second pulse signal trains of 

a first output termi^ electricafly connected through ^^^l B^^i^S circuit are different m pulse width 

ri^TJ^S tlZ^L^i^ ^"^"^^ 3, ^c^nductor unit according to claim 1 wherein 

^^^^ • 1. said first and second switching circuits comprise MOS 

a second output teramal dcctncally connected 20 transistors 

thioufiji the second SM«tdiing element of said first 4. Semicondutor unit accoitiing to claim 1, wherein 

switdm^curcmt to said ^nd input tennmaL and said first and second energy storage means are capaci- 

connected through the third switchmg dement of tors. 

said second switching drcuit to said first input 5, Monolithic semiconductor unit according to claim 

termmd; 25 4 wherein the pulses of the first and second pulse signal 

a third output terminal electrically connected trains of said signal generating circuit are different in 

through the fourth switohmg dement of said sec- the pulse width from each other. 

ond switching drcuit to said input terminal; 6. Monolithic semiconductor unit according to daim 

(a) first energy storage means coupled between said 4 wherein said first and second switohing circuits com- 

first output terminal and said second output tenni- 30 prise MOS transistors. 

nal; * • « * « 
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[57] ABSTRACT 

An NMOS FET circuit for charging a storage capacitor 
to a voltage higher than the power supply voltage. The 
circuit includes several stages each including a capaci- 
tance and FET switches. In response to a high level 
control signal the FETs in effect connect each capaci- 
tance between the supply voltage and ground to charge 
the capacitances. Then, in response to a low level con- 
trol signal the FETs in effect connect the capacitances 
in series between the supply voltage and the storage 
capacitor thus transferring a portion of the charges in 
the capacitances into the storage capacitor. The charge 
placed in the storage capacitor produces a voltage 
thereacross which is greater than the supply voltage. 

10 CHaims, 3 Drawing Figures 
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FIG. 1 is a schematic.circuit diagram of an exemplary 
APPARATUS FOR CHARGING A CAPACITOR apparatus in acooridance with the present invention; and 

; FIGS. 2A and 2B are diagrams illustrating equivalent 
BACKGROUND OF THE INVE^JTION . circuits of the apparatus of FIG. 1 under two sets of 
This invention relates to apparatus for charging a ' ©Plating conditions, 
capacitor. More particularly, it is concerned with appa- . '^'.f "ndcrstandmg of the present invention, 
ratus for charging a capacitor to a voltage higher Zn »8e*«' and further objects, advaiilages. 
the available supply voltage. and capabihUes thereof, reference is made to the follow- 

U„d. cert.^circums.^^^^ «> SI E^d^^a^S.^g:'"'" 

oxide'SiIicon (MOS) integrated circuits, it would be . o . . 

desirable to have available voltages which are higher • DETAILED DESCRIPTION OF THE 

than the operating voltages available from the power INVENTION 
supplies typiaUly employed The availability of higher piG. 1 of the drawings illustrates an exemplary met- 
voltoges would be particularly useful for DC biasmgm 15 al-oxide-silioon (MOS) field effect transistor (FET) 
order to provide improved switchmg speed and greater apparatus in accordance with the present invention. In 
current driving capability, the circuit illustrated all of the FETs are N channel 

SUMMARY OF THE INVENTION enhancement and depletion type devices. The FET 

devices and other components of the apparatus as illus- 

Voltages higher than the operating potential pro- 20 trated in FIG. 1 may be fabricated as an integrated 
vided by the available power supply may be provided circuit in a single body of semiconductor material. The 
by charging a storage capacitor to a higher voltage by storage capacitor CL which is to be charged may be 
employing apparatus in accordance with the present fabricated in the same body of semiconductor material 
invention. Apparatus in accordance with the present or may be external of the body and connected to the 
invention includes a source of operating potential and a 25 cux;uit. 

point of reference potential. A plurality of stages are The apparatus for charging the storage capacitor CL 
arranged in order. Each stage includes a capacitance includes a terminal Wdd of a positive voltage source, 
means with first and second terminals, a first field effect The exemplary apparatus illustrated includes four 
' transistor connected between the source of operating stages. Each of the four stages has a capacitance C1-C4. 
potential and the first terminal of the capacitance 30 A first enhancement type FET TA1-TA4 in each stage 
means* and a second field effect transistor connected ^as one of its conduction path electrodes (source or 
between the second terminal of the capacitance means drain) and its gate electrode connected to the voltage 
and the point of reference potential. Each stage except source Wdd and its other conduction path electrode 
the last stage has a third field effect transistor which is connected to the first terminal of the associated capaci- 
connected between the second terminal of the capaci- C1-C4. A second enhancement type FET 

tance means of the associated stage and the first twrni- TB1-TB4 in each stage has one conduction path elec- 
nal of the capacitance means of the following stage. The ^^^^ connected to the second terminal of the associated 
last stage also has a third field effect transistor which is capacitance C1-C4 and the other conduction path elec- 
connected between the second terminal of the capaci- ^^^^ connected to ground. Each stage also has a third 
tance means of the last stage and the source of operating ^ ''^T TC1-TC4 of the depletion type with its gate elec- 
potential. Means are provided for coupling the first ''J^u T'^V^ the associated first 

terminal of the capacitance means of the rust stage to ™^ TA1^TA4 and the first lenmna^ of the associated 
one terminal of the storage capacitor, and meani are ^^^Pf^^^^ce Cl-C4^ne of th^^^^ path elec- 

providedforcouplingthepointofreferencepotehtialto ''^^Z "^^^^^ 

th«> nthM- fM^inoi /^p*k» c^..«»» ^o«»^;4^^* -Tul nected to the juncture of the second terminal of the 

the other terminal of the storage capacitor. The appara- associated caoacitance C1-C4 and the associated ^ 
tus includes control means for applying first or second f.T^p^^t^^S? ' a fP^'^tr T^' 

r^i*.-^! * ¥ * '^ET TB1-TB4, The other conduction path elec- 

firlr r^^S^ H^' 'a raT TC1-TC3 of each sta^e except 

^nf fi.rff?itT • °" ? ^^^^^'^ the first terminal of the capaci- 

^H^l!inH^^^ 50 tancee2-C4ofthefollowingsta6e:Theotherconduc. 

condition and the Uiird field effect trai^istors are m a ^^^^^^ ^^^^ 

relatively low conduction condidon whereby each of ^ connected directly to the voltage source Voj> 
tiie capacitance m^ is connected between the source The gate electrode of the second FET TBI of the 
? I '^^Ilir' "^V^? °^ reference poten- first stage is connected to a control input terminal Em. 
tial and becomes charged In response to the secpnd 55 xhe gate electrodes of the second FETs TB1-TB4 of 
control signal condiUon all of the first and second field the other stages are indirectly coupled to the control 
e^ct traiBistors are in a low conduction condition and i„put terminal E/^by connections from the juncture of 
the third field effect transistors are in a relatively high each of the second FETs TB1-TB3 and the second 
conduction condition whereby the plurality of capaci- teminal of the associated capacitance C1-C3 except for 
tance means are connected in series between the source io the last stage by way of delay circuits. The delay circuit 
of operating potential and the storage capacitor, thus in each of the fu^st three stages is an inverter circuit 
transferring a portion of the charges in the capacitance including an FET TD1-TD3 of the depletion type 
means into the storage capacitor. The charge placed in connected in series \yith an FET TE1-TE3 of the en- 
the storage capacitor produces a voltage thcrcacross hancement type between the voltage source Vdd and 
which is greater than the operating potential. 65 ground. The juncture of the conductive path electrodes 

BRIEF DESCRIPTION OF THE DRAWINGS ^[^^ l^^''^' "^l^l T' 

. . nected to the.gate electrode of the associated depletion 

In the drawings: type FET TD1-TD3 and to the gate electrode of the 
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second FET TB2-TB4 of the following stage. The gate The voltage VcL produced across the storage capaci- 

electrode of the enhancement type FET TE1-TE3 is' tor CL by the transfer of charges from the capacitances 

connected to the juncture of the second FET TB1-TB3 C1-04 may be calculated employing the law of conser- 

and the second terminal of the capacitance C1-C3 of vation of charge as follows: 

the preceding stage. S . . 

An FET TF of the enhancement type is connected in _ 

series between the first terminal of the capacitance CI 1*^^00 - Vta) + 

of the first stage and the first terminal of the storage ° CL + ^ ' ^ 

capacitor CL. The gate electrode of FET TF is con- ^ 
nected to the juncture of the FET TF and the capaci- 10 

tance CI so that the FET TF functions as a unidirec- where Cn is the capacitance value of each capacitance 

tional current flow device or diode. The storage capaci- C1-C4, N is the number of stages, Vm=V/a+- 

tor CL is shown with its first terminal connected to a Kn/A V of e ach first FET TA1-TA4, and 

terminal 11 and its second terminal, which is connected 'Vtf= + VV55 of FET TF. 

to ground, connected to a second terminal 12. The 15 If the cycle ofapplying high and low control voltages 

charge stored in the storage capacitor CL is thus made E/yvis repeated, the voltage across the storage capacitor 

available at terminals 11 and 12. CL is increased up to a maximum. During cycling the 

The apparatus illustrated in FIG. 1 operates in the FET TF acts as a diode as illustrated in FIGS. 2A and 

following manner to store a charge in the storage capac- 2B permitting current to flow into the storage capacitor 
iter CL. When the control signal E/yv becomes high, all 20 CL from the apparatus arid preventing the flow of cur- 

of the second FETs TB1-TB4 become conductive. rent out of the storage capacitor CL into the apparatus 

The capacitances C1-C4 of each stage become charged when the control signal Em is high. The final voltage 

by current flow through the associated fu-st FETs which can be obtained across the storage capacitor CL 

TA1-TA4, which are highly conductive, and the sec- may be expressed as 
ond FETs TB1-TB4. At the same time the third FETs 25 

TC1-TC4 are in a relatively low cond uction condition. ycLUtnat^^^^oD- Vta) + ypD- ^tf 
Although there is some conduction through the third 

FETs TC1-TC4, there is no significant interference example, in an apparatus in accordance with the 

with charging of the capacitances C1-C4. FIG. 2A invention having a supply voltage Vij^of 5 volts, Vta 
illustrates the equivalent of the circuit of FIG. 1 under 30 o*" 1-7 volts, Vri^of 2.3 volts, four stages, a capacitive 

these conditions. In effect, each of the capacitances value Cn of 1 picofarad for each capacitance C1-C4 and 

C1-C4 is connected between the voltage source Vdd ^ storage capacitor CL of 1 picofarad, after a single 

and ground, and is charged to the supply voltage. The cycle the storage capacitor CL is charged to a voltage 

actual voltage a cross each capacitance C1-C4 is Vcz. of 1 1 . 1 volts. After a series of control input pulses, 

Vdd-^ Vth - K^kaVv^, where Vth is the threshold volt- 35 for example 5 volt squarewa ve pulses at a frequency of 

age, Kjtti is the back bias constant, and V^^is the source 500 KHz, the final voltage Vcufinal) across the storage 

to substrate voltage of each of the first FETs TAl— capacitor is 15.9 volts. 

TA4. The foregoing are calculated values which do not 

When the control signal E/yvbecomes low, the second take into consideration the effects of parasitic capaci- 

FETs TB1-TB4 are turned off. The action of the in- 40 tances between both to-minals of the capacitances 

verters of the FET's TD1-TD3 and TE1-TE3 in each C1-C4 and ground. One consequence of the parasitic 

stage except the fourth introduces a slight delay be- capacitances is that the incremental increase of voltage 

tween each stage, thus insuring that the second FET of Vcl across the storage capacitor CL decreases with 

each stage is completely off before that of the following increasing number of stages. After a certain number of 

stage is turned off. This sequence of turning off the 45 stages there is no further increase in the voltage Vcl- 

second FET*sTBl-TB4 prevents the charge stored in a For example, in apparatus as described above, if the 

capacitance from leaking off through the second FET parasitic capacitance between each terminal of each 

of the preceding stage. capacitance C1-C4 is approximately 0.1 picofarads, 

^ With the second FETs TB1-TB4 off, the voltages at more than four stages produces no significant result 

the junctures of the second FET's TB1-TB4 arid the 50 over that obtained with four stages, 

third FETs TCl-TC^ increase, pulled up by conduc- In an exemplary apparatus as. described above the 

tion through the third FETs TC1-TC4. At the same dimensions of the channels of the FETs may be as 

time, the voltages at the gate electrode of the third follows: TA1-TA4 1.0 mil wide by 0.3 mil long; 

FETs TC1-TC4 also rise because of the charges in the TB1-TB4 0.3 mil wide by 0.3 mil long; TC1-TC4 0.3 

associated capacitances C1-C4. When the voltages at 55 mil wide by 3.6 mils long; TD1-TD3 0.3 mil wide by 1.2 

the gate electrodes of eadi of t he th ird FETs mils long; TEl-tE3 0.3 mil wide by 0.6 mil longr, and 

TC1-TC4 exceeds V/)i>- VM-Kw/rV^ (V/a. K«a, TF 0.3 mil wide by 0.3 mil long, 

and Vssbeing parameters at the first FETs TA1^TA4), While there has been shown and described what is 

the first FETs TA1-TA4 become cut-off. The third considered a preferred embodiment of the present in- 

FETs TC1^TC4 are in a relatively high conduction 60 vention, it will be obvious to those skilled in the art that 

condition; and, therefore, in effect the capacitances various changes and modifications may be made therein 

C1-C4 are connected in series betweoi the voltage without departing from the invention as defined by the 

source Woo ^d the storage capacitor CL as illustrated appended claims, 

in the diagram of FIG. 2B. As the charges stored in the What is claimed is: 

capacitances C1-C4 are partially truisferred into the 65 1* Apparatiis for charging a storage capacitor includ- 

storage capacitor CL, the voltages across the capaci- ing 

tances C1-C4 decrease and the currents through them - a source of operating potential; 

are reduced. a point of reference potential; 
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a plurality of suges arranged in order, each stage terminal of the capacitance means and the first field 

including capacitance means having first. and sec- effect transistor of the associated stage, 

ond terminals, 3. Apparatus for charging a storage capacitor in ac- 

a first field effect transistor connected between the cordance with claim 2 wherein 

source of operating potential and the first tenni- 3 each stage except the last stage includes a delay 

nal of the capacitance means, and means connected between the juncture of the sec- 

. a second field effect transistor connected between ond terminal of the capacitance means and the 

the second terminal of the capacitance means second field effect transistor of the associated stage 

and the point of reference potential; and the gate electrode of the second field effect 

each of said stages except the last stage including a 10 transistor of the following stage, 

third field effect transistor connected between the 4. Apparatus for charging a storage capacitor in ac- 

second terminal of the capacitance means of the cordance with claim 3 wherein 

associated stage and the first terminal of the capaci- each of said second field effect transistors is of the 

tance means of the following stage; enhancement type. 

the last stage having a third field effect transistor IS 5. Apparatus for charging a storage capacitor in ac- 
connected between the second terminal of the ca- cordance with claim 4 wherein 
pacitance means of the last stage and the source of each of said third field effect transistors is of the de- 
operating potential; pletion type. 

means for coupling the first terminal of the capaci- 6. Apparatus for charging a storage capacitor in ac- 

tance means of the first stage to one terminal of the 20 cordance with claim 5 wherein 

storage capacitor; each of said first field effect transistors is of the cn- 

means for coupling the point of reference potential to hancement type, 

the other terminal of the storage capacitor; 7. Apparatus for charging a storage capacitor in ac- 

control means for applying first or second control cordance with claim 6 wherein 

signal conditions to said stages; 25 each of said delay means includes an inverter stage. 

said first and second field effect transistors being 8. Apparatus for charging a storage capacitor in ac- 

operable in a high conduction condition and said cordance with claim 7 wherein 

third field effect transistors being operable in a said means for coupling the first terminal of the ca- 

relatively low conduction condition in response to pacitance means of the first stage to said one termi- 

said first control signal condition at said control 30 nal of the storage capacitor includes a unidirec- 

means whereby each of said capacitance means is tional current flow device for permitting the flow 

connected between said source of operating poten- of current into the storage capacitor and for pre- 

tial and said point of reference potential and be- venting the flow of current out of the storage ca- 

comes charged; pacitor. 

said first and second field effect transistors being 35 9. Apparatus for charging a storage capacitor in ac- 

operable in a low conduction condition and said cordance with claim 8 wherein each of said delay means 

third field effect transistors being operable in a includes 

relatively high conduction condition in response to a depletion type field effect transistor and an en- 
said second control signal condition at said control hancement type field effect transistor connected in 
means whereby the plurality of capacitance means 40 series between the source of operating potential 
are connected in series between said source of op- and the point of reference potential; 
crating potential and said storage capacitor trans- the gate electrode of the depletion type field effect 
ferring a portion of the charges in the capacitance transistor being connected to the juncture of the 
means into the storage capacitor; depletion type field effect transistor and the en- 
said control means including 45 hancement type field effect transistor; 
a control input tenninal connected to the gate elec- the gate electrode of the enhancement type field ef- 
trode of the second field effect transistor of the feet transistor being connected to the juncture of 
first stage for receiving said first or second con- the second terminal of the capacitance means and 
trol signal conditions, and tiie second field effect transistor of the associated 
means coupling the gate electrode of the second 50 stage; and 
field effect transistor of each of said stages except the juncture of the depletion type field effect transis- 
the first stage to the preceding stage. tor and the enhancement type field effect transistor 
2. Apparatus for charging a storage capacitor in ac- being connected to the gate electrode of the second 
cordance with claim 1 wherein field effect transistor of the following stage, 
the gate electrode of each of said first field effect 55 10. Apparatus for charging a storage capacitor m 
transistors is connected to the source of operating accordance with claim 9 wherein 
potential; and said field effect transistors are N channel metal-oxide- 
the gate electrode of each of said third field effect silicon field effect transistors, 
transistors is connected to the juncture of the first « * * • • 

60 



65 



United States Patent [i9] 

Risinger 



[11] Patent Number: 4,460,952 
[45] Date of Patent: JuL 17, 1984 



[54] ELECTRONIC 

RECTIFIER/MULTIPLIER/LEVEL 
SHIFTER 

[75] Inventor: Vance Risinger, Lubbock, Tex. 

[73] Assignee: Texas Instniments Incorporated, 
Dallas* Tex. 

[21J Appl. No.: 377,729 

[22] Filed: May 13» 1982 

[51] Int CL^ H02M 7/0«; H02M 7/10 

[52] US. CI 363/61; 307/110; 

363/60 

[58] Field of Search 307/110; 363/59-61, 

363/62; 127 

[56] References Cited 

U.S. PATENT DOCUMENTS 

3,731,179 5/1973 Rademaker \ 363/60 

4.321,661 12/1982 Sano 363/60 

4,340,931 7/1982 Endo ct aL 363/124 

4,398.099 8/1983 Benoit-Gonin 363/60 



FOREIGN PATENT DOCUMENTS 

3115 1/1977 Japan 307/110 

OTHER PUBLICATIONS 

Accardi, "Diode-Switched FETs Rectify the Full 
Wave," Electronics, Aug. 3, 1970. 

Primary £xfl/?i/iier— WUliam H. Beha, Jr. 

Attorney, Agent, or F/nn— William R Hiller; James T. 

Comfort; Mdvin Sharp 



157] 



ABSTRACT 



A rectifier/multiplier/level shifter utilizing multiple 
capacitors which are switched from parallel to series or 
vice versa. An analog signal is communicated to a plu- 
rality of capacitors in parallel which are subsequently 
connected in series by selective switching. Depending 
upon the sign of the analog signal, taps are made on the 
capacitors so as to rectify the incoming analog signal. In 
a similar fashion a tap utilizes the serial multiplication of 
the capacitors so as to create a multiplier circuit. This 
particular architecture is particularly well suited for a 
metal-oxide-silicon (MOS) embodiment. 

7 Claims, 3 Drawing Figures 
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ELECTRONIC RECTll TEBR/M UL'in'LIER/LEVEL DESCRIPTION . . 

SHIFTER In general the recognition of an analog or spoken 

signal entails the translation of the spoken signal into an 

BAOCGROUND 5 electronic signal This is typically done by way of a 

This invention relates to rectifien or multipliers and microphone or other such signal pick up device. This 

mote particularly to semiconductor rectifiers and multi- «8nal is mampukted to be in the proper 

format for later use. The formatted signal IS analyzed so 

• The need to rectify input signals has long existed in . ^ «« devdop appropriate data therefrom. This analysis 

the art. Generally the rectification of a signal is accom- B fedj" detennme or recogmze which wordor 

pushed through the use of diodes and recUfier tubes. As ^"^ h^been spoken in the ongmal analog input The 

discrete devices though, diodes and rectifier tubes re- "^ogmzwl word or phrase has an identifymg mdicia 

quire a minimum thr^hold before they allow the cur- '^f<=^ thercmlh which is used for storage, later 
rent to pass. This threshold levd causes a clipping ac- 

tion which is highly undesirable in many circuits. . ^" }^ ^ °T ch^e of an opeia- 

Analog signal multiplication is typically performed « '^„'"'"P'« communicatuig the uidicu. to an 

through Ihe^ of amUer. TOs'^opera^o^ as well l^*':^^'- '^'^ 

requires a threshold voltage; therefor^ low voltages are FonnattinE 

not multiplied whatsoever. . . The electro'nic signal from the microphone or other 

.• -1 Tv,^^\ T '",'*?P!'«"!f " °^ 'f^f'^f- such..pick up means is maniputated so Lt it is either 
uon IS done through an integrated circmt, This is due to J^^ ^ ^^^^^ 

the limitation on presently^ rectification inethods ^ce ^ better condition for the analysis. This for- 

which prevent them from being amenable to integra- electronic signal speeds up the entire 

25 ...Operation significantly. 

SUMMARY OF THE INVENTION Rectification of the signal is particularly important so 

^ ^ allow reduced circuitry. In the preferred embodi- 
The present invention u^lizes a capacitor means rectification, the incoming signal is communi- 

whichiscoupledtoanmcominganalogM^ to ^ 1^,,^^^ capacitor. A sensing means, 

tionally to ground. A switching means connects either 30 connected to ground, activates switches so as to tap the 
^ first or the s«:ond node of tl^e capacitor means to ^f the capacitors which rectifies the incoming 

theoutputdependinguponthepolanty of themcoming sienal 

.palog^^.In this.te^^ Multiplication is effected in the same circuitry by 

^ T??. • u- • • . - : . . selectively connecting the capacitors in series (thereby 

AddiUonally the present mvention encompasses. the 35 multiplying the signal) or parallel (dividing the signal), 
architecture wheretn the.. capacitor^^^^^^^ a jhis switching operation maintains the signal be- 

plurahty of mdividual capacitors which are selectively tween two bounds for ease in operating thereon, 
coupled in parallel or m seriesi sp.:.as. to multiply the jhe circuitry above is readily implementable on a 
miming analog signal accordingly.. semiconductor unit such as a metal-oxide-silicon (MOS) 

. The plurality of capacitors bewg selectively coupled 40 device, 
either in parallel or in series is also advantageous be- Analysis: 

cause, the capacitors when coupled in parallel may sam- jhe preferred analysis operation passes the formatted 
pie the incpniing analogrsignal as rqferenced to one electronic signal through an automatic gain control 
reference voltage and when switched to the output as circuit (AGQ then through a low pass filter. In this 
seriespconnected- capacitors; may be referenced to an- 45 context, it has been found that a low pass filter of 500 
other, reference yoltiage, thereby, alio wiiig the incoming : hertz (Hz) is suitable for this operation. The automatic 
analog signal: to te.level-shifted. . . ^ /-[ j . . gain controL is used as an interface with the analog 

In the preferred embodiment of the invention, fwo. : signal from the microphone. The AGC provides a more 
capacitors are used which are s^tchable from parallel or less constant peak output level having a sufficient 
to series interconnection. The inoomihg analog signal,- .5^ . amplitude so as to. drive the low pass filter and other 
in the- rectification operation is communicated to .both - • components there^er. ' 

capacitors being in parallel while the second, node of the - . . -lij this context, it has been found that an AGC having 
capacitors is -connected to ground. The:> capacitors are a peak signal level less than 90% of the full voltage and 
then switched to series, being disconnected, frpin.the -igreater than 40% of full voltage provides satisfactory 
incoming analog signal, and dther the; first node of the S5 . results. Additionally, a total 54 dB of gain reduction and 
series or the second node of the.series is xtpmmumcated a potential of better than 80 dB total gain is also desir- 
as the rectified output signal depending upon the sign of -able. . 
' the input analog kighal- The decuion as to the sign of the The low pass filter is used to roll off the high - fre- 
input analog signal is done by way of a comparator 'quency components of the signal. The filter preferably 
connected to ground which activates the appiofmate -60'^provides an anti-aliasing for a si^ial so that no high 
switches. fr^uency component of the signal overpbwers the 

In this fashion the input analog sigiial is /multiplied . system sample rate of preferably 8 kHz so as to produce 
(doubled) and rectified by the circuitry.^ This particular -^'''an interference signal. Preferably the cutoff frequency is 
architecture is compatible' w^^ -'3 A kHz, ■ 1: 

"mentation • and particularly compatible with 'metal- 65 The signal from the low pass filter is communicated 
oxide-silicon (MOS) applications. to :a. pre-emphasis circuit so as to help eliminate any 

The invention is furdier explained'by the following glottal waveform and lip radiation which may be in- 
description and' its applicability. ' eluded within the speech. It^has been 'found that the 
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glottal waveform and lip radiation components of a minimum column. The minimum column replaces the 

speech interfere dramatically with the vocal tract esti- oldest column within the minimum matrix, 

mation when using linear predictive coding (LPC) anal* Generally, this technique maps the minimum contour 

ysis. In this context, it has been found that a pre-empha- for a particular input frame being associated with a 

sis transformation of the formula: S(n)— uS(n— 1), 5 particular target frame within the template, 

where S(n) is the sample at time N and where preferably When the end of word is determined, whether by 

0.9^u ^I.O performs suitably. This equation is prefera- operator input or by sensing the amplitude of the 

bly performed in an analog sample data domain. speech, the most current upper value having the mini- 

The calculation of the autocorrelation terms in LPC mal value of all templates is chosen. The template asso- 

analysis requires the computation of numerous multipli- 10 ciated therewith is the "best" match for the spoken 

cations and additions. So as to reduce the time neces- word. The basic premise is to determine with which 

sary for these computations, a logarithmic analog to template does a sequence of input frames most closely 

digital (Log A/D) converter is utilized which translates align itself. The width of a frame is "warped" to allow 

the analog signal from the pre-emphasis into its logarith- an input frame to be associated with half, one, two, 

mic digital equivalent. This allows the logarithmic digi- 15 three, etc target frames. 

lal equivalent sequence to be selectively added to other In this manner the optimal match between the spoken 
logarithmic digital equivalents so as to effectively per- word or phrase is made. The compuution of the mini- 
form a "logarithmic multiplication". The logarithmic mal value is performed continuously and only when the 
multiplication product is thereaAer transformed into its end of word or phrase is given is the minimal value of 
linear equivalent and selectively accumulated with 20 the templates determinative of the word having been 
other linear equivalents. In this fashion, the need to spoken, 
perform multiplications upon digital values in com- Recognition: 

pletely eliminated since only addition operations are The preferred recognition apparatus utilizes a micro- 
necessary. This elimination of multiplication operations phone with the LPC analysis already described to- 
significantly accelerates the entire process allowing for 25 gether with the control means. The control means ac- 
"real time" operation. cepts the reflection coefficients developed through the 

The selective accumulation of the products generates analysis and compares these with template data. An 
autocorrelation terms which are utilized by the Le- indicia of the recognized template is communicated so 
Roux/Gueguen equations so as to develop reflection as to communicate the word associated therewith, 
coefficients which are usable in an LPC synthesizer. 30 Two semiconductors units are therefore all that is 
The reflection coefficients are formatted and coded necessary so as to create a recognition device. Option- 
appropriately and then stored in a memory for later ally, a read-only-memory (ROM) or other such mem- 
retrieval, ory device is usable for expansion of the vocabulary 

It is important to note that the reflection coefficients repertoire. An expansion of the template library is 

are pariiculariy well suited for recognition and/or syn- 35 placed on the ROM. 

thesis. Since they are already in proper format for syn- Since two semiconductor units are all that is neces- 
thesis, they are readily usable for matching to template sary, it is practical to make the recognition apparatus as 
data to determine the word, phrase, sentence, alio- a portable hand held device. Battery power, solar en- 
phone, or sound. ergy or other such means for portable power supply 
Matching: 40 allows the device to be readily moved to remote areas 
The preferred apparatus for matching the reflection for privacy or for a specific application, 
coefficients derived from the spoken speech to template lliis arrangement allows for the creation of a learning 
data involves dynamic programming which time warps aid which accepts spoken words as well as tactile input 
the input to the template. Time warping is necessary data. 

since the same word takes a varying amount of time to 45 The following drawings with their accompanying 
be spoken by different people as well as by the same descriptions and discussion more fully describe the pres- 
person. Time warping allows one frame of input to ent invention, its embodiment, and ramifications there- 
correspond to varying amounts of times within refer- upon, 
ence frames of the template. wfxjr-c 

For example, assume that N templates exist; that is. N 50 DRAWINGS IN BRIEF 

words or phrases are independently recognizable. If FIG. 1 is a block diagram of a recognition apparatus, 

template j has SO frames associated therewith and each FIG. 2 is an electrical schematic of the rectiher/mul- 

frame takes 25 milliseconds, then the speech input tiplier electronic circuit device in accordance with the 

which takes 75 frames should not necessarily be dis- present invention. 

carded. A particular frame within the input is mapped 55 FIG. 3 is a block diagram of the preferred embodi- 

to varying numbers of frames with the template. ment of the analysis apparatus. 

In the computation, the minimal contour to a target \i/fxTi->c 
frame of a particular template is determined. In this DRAWINGS IN DETAIL 
apparatus, only the past four columns of minimal dis- FIG. 1 is a block diagram of an embodiment of the 
lance or path data are kept. The preferred embodiment 60 recognition operation. The analog input 105 from the 
utilizes LPC-4 (linear predictive coding having a filter operator is picked up by the signal pick up means 107. 
order of 4). The Euclidean distance between the input Signal pick up means 107 translates the analog input 
frame and each target frame of the template is com- into an analog electronic signal 101 which is communi- 
puted. This generates, for time t, a distance column cated to the signal manipulation means 108. The signal 
which is dynamically mapped to the minimal matrix for 65 manipulation means 108 structures the analog electronic 
time, t-1, t-2, t-3 and 1-4. The minimal value between signal 101 into a form which is readily used by the anal- 
each value within the distance column and a prior mini- ysis means 109. Manipulation includes rectification, 
mum of the minimum matrix is derived. This generates multiplication, filtering, and the like. 
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. The analysis mieans generates data and other indicia 
relative to the structured signal 102 so as to form a 
"fingerprint" of the original analog input 105. The anal- 
ysis means 109 communicates this analysis data 103 to 
the recognition means 110. The recognition means 110 5 
compares the analysis data to template data, not shown. 
Based upon this comparison, an indicia 104 is communi- 
cated to the operation alteration means 111 which gen- 
erates control commands 106 thereupon. 

In this fashion, the analog input is translated, matched 10 
to an appropriate template and is used to alter the opera- 
tion of the present apparatus or some other device appa- 
ratus. This architectural arrangement allows for a spo- 
ken command to efTectively control an apparatus. 

FIG. 2 is a schematic of die rectifier/multiplier appa- is 
ratus. The incoming signal 201 is selectively communi- 
cated to the capacitor 202. In this embodiment, two 
capadtorsi 202a and 202^, are used which are matched 
as to their capacidve ability. In an alternative embodi- 
ment, mtdtiple capacitors are used and their relative 20 
capacitance is' varied selectively so as to provide more 
flexibility in signal manipulation. 

Upon the input of the signal, the switch arrangement 
2040 and 204^ is interconnected so that the incoming 
signal is communicated in parallel to both capacitors 25 
202a and 2026. At the appropriate clocking pulse, ca- 
pacitors 202a and 202b are switched to a serial arrange- 
ment so as to double the original incoming signal 201. 
This signal, through the use of the switch arrangement 
205a-205£/ rectifies the signal to be of a particular polar- 30 
ity. 

This arrangement is particularly adaptable to being 
placed upon a semiconductor <levice. Additionally, the 
architecture provides easy multiplication and rectifica- 
tion without the loss due to clipping or other inadequa- 35 
des found in the prior art. 

FIG. 3 is a block diagram of an embodiment of the 
analysis circuit. Microphone 301 receives the spoken 
analog signal which is conmiunicated to an automadc 
gain control (AGQ 302. 40 

The AGC 302 is used as an analog interface for the 
microphone 301. The AGC 302 provides a relatively 
constant peek output level having a suffident amplitude 
so as to drive the low pass filter 303, the pre-emphasis . 

304, and the logarithmic analog to digital (Lx>g A/D) 45 

305. The AGC 302 in providing this peak output level, 
allows for low level input signals to be effectively uti- 
lized and thereby reduces clipping. 

In this capacity it has been found that an AGC pro- 
viding a peak signal of less than 80% of voltage rail and 50 
greater than 40% of the voltage rail is suitable. Addi- 
tionally it has been found that a gain being incremented 
in six (6) dB steps is acceptable. 

The signal from the AGC 302 is communicated to the 
low pass filter 303 which is used to withdraw high 55 
frequency components of the signal. The low pass filter 
303 also gives an anti-aliasing of the signal so that a high 
component of the signal is not able to overpower the 
system sample rate of preferably 8 KHz. This signifi- 
cantly reduces the interference signal normally found in 60 
speech. 

The signal from the low pass filter 303 is communi- 
cated to pre-emphasis 304. The pre-emphasis 304 is used 
to eliminate the glottal waveform and Up radiation com- 
ponents of speech. These components typically inter- 65 
fere with vocal tract estimation and therefore the pre- 
emphasis 304 provides for a more accurate linear pre- 
dictive coding G^PQ analysis. The use of the pre- 
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emphasis 304 eliminates the variable frequency through 
a simple one pole differendng filter. In this context it 
has been found that a pre-emphasis being defined by the 
function: 

outpotsS(n)-ttS(n-lX 

where S(n) is the sample at time n is acceptable. 

The signal from the pre-emphasis 304 is communi- 
cated to the Log A/D 305 which translates the hereto- 
fore analog signal into its logarithmic digital equivalent. 
The translation to the logarithmic form allows for elimi- 
nation of multiplication since logarithmic components, 
through their addition, efTectively perform a multiplica- 
tion. 

The Log A/D 305 signal is communicated to a cross 
product means 306 which sums chosen elements from 
the Log A/D 305. These chosen sums are then trans- 
lated to their linear equivalents 307 and subsequently 
accumulated selectively by an accumulator 308. In this 
process, the accumulator 308 generates reflection coef- 
ficients which are usable by the LeRoux/Gueguen for- 
mula 309 for the generation of autocorrelation terms. 

The autocorrelation terms are preferably formatted- 
/encoded so as to be usable in a speech synthesis device. 
The autocorrelation terms so formatted are stored in a 
memory 311 in a first-in-first-out (FIFO) arrangement 
so that they are retrievable upon demand at 312. 

In this manner, the incoming signal is controlled and 
generates analysis data which is usable for recognition 
and/or synthesis of a mimic word. 

What is claimed is: 

1. Aji electronic circuit device for providing multipli- 
cation and rectification of an analog signal, said drcuit 
device comprising: 

an input for receiving the analog signal; 

plural capacitor means operably coupled to said input 
and including at least first and second capacitors 
arranged to be alternatively coupled in parallel 
relationship in a first phase and in series relation- 
ship in a second phase; 

a first switching network operably connected to said 
plural capadtor means and having first and second 
switching relationships with respect to said at least 
first and second capacitors intercoimecting said at 
least first and second capacitors in paralld relation- 
ship and in series relationship respectively; 

control means operably connected to said first 
switching network for determining the switching 
relationship of said first switching network with 
respect to said at least first and second capacitors; 

said first switching network initially bdng in said first 
switching relationship interconnecting said at least 
first and second capacitors in parallel relationship 
for reception of the analog signal from said input 
and bdng responsive to said control means for 
switching to said second switching relationship 
interconnecting said at least first and second capac- 
itors in series relationship such that the original 
analog signal is multiplied; and 

a second switching network operably connected to 
the output of said plural capacitor means and hav- 
ing first and second switching relationships with 
respect to said at least first and second capacitors 
depending upon the polarity of the analog signal 
received at said input for selectively providing as 
the output signal, the signal from one of said capac- 
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itors such that the output signal is rectified to be of 
a particular polarity. 

2. An electronic circuit device as set forth in claim 1, 
further including comparator means coupled to said ^ 
input and to a source providing a reference voltage for 
comparing the analog signal from said input with the 
reference voltage to derive a polarity indication of said 
analog signal; and 

the output of said comparator means being operably 
coupled to said second switching network to com- 
municate the polarity of said analog signal thereto. 

3. An electronic circuit device as set forth in claim 1, 
wherein said control means comprises a timing clock 
for providing clocking pulses at predetermined time 
intervals to said first switching network to which said 
first switching network is responsive in switching be- 
tween said first and second switching relationships. 
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4. An electronic circuit device as set forth in claim 3, 
wherein said first switching network comprises a plural- 
ity of MOS transistors operating in a switching mode. 

5. An electronic circuit device as set forth in claim 4, 
wherein said second switching network comprises a 
second plurality of MOS transistors operating in a 
switching mode. 

6. An electronic circuit device as set forth in claim 5, 
wherein said electronic circuit device has a single semi- 
conductor substrate on which said plural capacitor 
means and said MOS transistors included in said first 
and second switching networks are integrated. 

7. An electronic circuit device as set forth in claim 1, 
wherein said at least first and second capacitors as cou- 
pled in parallel relationship in said first phase are refer- 
enced to a first reference voltage; and 

said at least first and second capacitors as coupled in 
series relationship in said second phase are refer- 
enced to a second reference voltage different from 
said first reference voltage such that level shifting 
of the original analog signal occurs. 
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[57] ABSTRACT 

Disclosed is an on-chip, dual polarity high voltage mul- 
tiplier circuit consisting of a main high positive voltage 
multiplier and high negative voltage multiplier and an 
auxiliary high negative voltage multiplier coupled to 
the main multipliers to prevent turning on of parasitic 
transistors associated with the MOS diodes of the main 
multipliers and thereby extend the operating tempera- 
ture range to ISO* C and improve the fall time of the 
dual polarity multiplier. The auxiliary multiplier may be 
located in a common p-well with the main positive and 
negative multipliers or with the main negative multi- 
plier and its output voltage is connected to this common 
weU. 

10 Claims, 7 Drawing Fignres 
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In actual construction of the on-chip dual polarity 

INTEGRATED CIRCUIT DUAL POLARITY HIGH voltage multiplier, it is necessary that the MOS diode 
VOLTAGE MULTIPLIER FOR EXTENDED elements Qi, Qi . . . Qm of the negative multiplier be 

OPERATING TEMPERATURE RANGE located in regions of the substrate isolated from the 

5 remainder of the chipl This is necessary because the 
BACKGROUND OF THE INVENTION negative voltage multiplier pulls the isolated region 

This invention relates to an on-chip, dual polarity, negative with its output voltage. If isolation was not 
high voltage multiplier and, more particularly, to a turning on of the negative voltage multiplier 

voltage multiplier having an extended operating tern- ^o*^^ interfere with the functioning of the peripheral 
perature, as high as 150' C. circuits. The isolated region may be dther a diffused 

As used throughout, the following two definitions an isolated epitaxial region formed on the sub- 

apply: strate. For example, if the diodes Qi, Q2 - - - Qm are 

"Rise time" is the time taken by the positive voltage n-channel MOS devices, the diffused well approach will 
multiplier to increase its output voltage from approxi- utilize an n-type substrate in which p-wells are formed, 
mately the 10% level to the 90% level of the final volt- corresponding isolated epitaxial region approach, 

age. which is disclosed in the copending apphcation Ser. No. 

"Fall time" is the time taken by the negative voltage 410,674,.entitled "Method of Fabricating An I.C. Volt- 
multiplier to decrease its output voltage from approxi- ^S^ Multiplier" by the present inventor and assigned to 
mately the 10% level to the 90% level of the final volt- ^ the assignee of the present invention, is shown in FIG. 
age. .3. This approach involves using an n-type substrate 10 

To be competitive in the marketplace, a non-volatile (typically, single crystal silicon) having thereon a p- 
memory device is now required to be a "5 volt only" type epitaxial silicon layer (hereafter, p-epi layer) 11 
device. This means that the memory device, for exam- flanked by deep N+diffusions .12..The diffusions 12^12 
pie a non-volatile random access memory (hfVRAM), 25 isolate the p-type epitaxial layer 11 from the remainder 
which typically requires multiple extenial power of the integrated circuit. 

supplies (providing +S voh, +22 volt and -22 volt Regardless of whether the diffused well or isolated 
voltages for read, write and erase operations, respec- epitaxial region approach is chosen, the dual polarity 
tively) should have the capability to generate the high voltage multiplier suffers from (1) a slow response (i.e. 
write and erase voltages, on chip, by utilizing a single 5 3Q long fall time) of the negative multiplier due. to a large 
voh external power supply. One method of on-chip substrate to p-epi/p-well junction capacitance Ca and 
high-voltage generation is by means of the voltage mul- (2) rapid deterioration of the negative voltage multipli- 
tiplier technique. One such prior art voltage multiplier cation scheme at elevated temperatures due to the turn- 
is shown in FIGS. lA and IB which represent circuits ing on during the negative cycle of the clock pulses 4»i 
for generating a low negative voltage and a high posi- 35 and 4>2 of parasitic transistors associated with the MOS 
tive voltage, respectively. devices. To fully understand these problems, reference 

Referring to FIG. lA, represents the .ground con- is made to FIG. 3 wherein is shown, in cross-sectional 
nection and Vom is the voltage output of the negative representation, the diode Q2 (of FIG. 1 A). The diode 
multiplier. Vgut < <V^. Ci, Q - - - C« are coupling Q2 shown in FIG. 3 is an n-channel MOS transistor and 
capacitors and Qi, Q2 — Qmare rectifying elements (or 40 comprises a conductive polysilicon gate 13 and highly 
diodes). In this prior art voltage multiplier arrangement, doped n+ drain and source regions 14 and 15, respec- 
the capacitors were permanent capacitors (i.e. their tively. A relatively thin silicon dioxide (gate oxide) 16 
operation is not dependent on the polarity of the volt- insulates the polysilicon gate 13 from the underlying 
age applied across their plates) and the rectifying ele- p-epi region 11. Transistor Q2 further includes metal 
ments were diode-connected enhancement mode metal- 45 contacts 17, 18, and 19 making electrical contact, re- 
oxide-semiconductor (MOS) transistors. spectively, with drain 14, source 15 and gate 13. For 

Referring to FIG. IB, Vo: here represents the input consistency with FIG. lA, gate 13 and drain 14of tran- 
power supply voltage, typically 5 volts and V out is the sistor Q2 shown in FIG. 3 are connected together and 
voltage output of the positive voltage multiplier. this common point is connected to the (source oQ tran- 
V oa;> > Vec. As m FIG. lA, Ci, C'2 - - - On and Q'l, 50 sistor Q3 and one plate of coupling capacitor C2 and the 
Q'2 — Q m represent coupling capadtors and diodes, source 15 of Q2 is connected to coupling capacitor Ci 
respectively. and transistor Qi. 

4>i and 4^ shown in FIG. lA and ^'i and 4> 2 shown in In operation, a nominal 5 volt potential is always 
FIG. IB designate two clock pulses, of the type shown applied to the substrate 10. For the low negative volt- 
in FIG. 2, having a fixed amplitude and in antiphase ss age multiplication to take place the p-epi layer 11 to 
with each other. These pulses are applied to the succes- n-substrate 10 junction capacitance needs to be 
sive nodes of the diode-chain via the coupling capaci- charged. However, because the parasitic bipolar transis- 
tors. The amplitude of these clock pulses is typically tor formed by the n+ drain 14, the p-epi region 11 and 
about 5 volts. the n-substrate 10 is turned on whenever the n+ region 

The output nodes Vgui and V'out of the negative and 60 14 is pulled more negative than the p-epi region 11, the 
positive voltage multipliers shown in FIGS. lA and IB effective capacitance of the p-epi to substrate 10 junc- 
are connected together to generate high positive and tion Ce^will be increased by a factor equal to the cur- 
low negative voltages at the same (output) node. This rent gain B of the parasitic transistor mentioned herein- 
abUity is essential for an on-chip voltage multipher since above. In other words. Ceffis equal to B X The gain 
devices on an integrated circuit chip, such as 65 B is inversely proportional to the thickness of the p-epi 
NVRAMs, invariably require that the same node of the layer 11 and typically is high, of the order of one hun- 
voltage multipher go both positive and negative for dred or more. As a result of this large effective capaci- 
purposes of programming the device. tance. the p-epi to n-substrate capacitor will be charged 
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rather slowly and thereby the fall time of the negative nately, the auxiliary voltage multiplier may be located 

voltage multiplier will be undesirably increased. in a separate p-well and its output is connected to the 

The deterioration in the.performance of the negative p-well in which the main negative voltage multiplier is 

voltage multiplier with increasing temperature referred located. The voltage output of the auxiliary multiplier is 

to hereinabove is due to the relative ease of turning on S lower more negative) than the negative voltage 

of the parasitic bipolar transistor 14-11-10. (FIG. 3) dur- output of the dual polarity voltage multiplier to ensure 

ing the negative cycle of the waveforms i^i and i^z that parasitic transistors associated with the negative 

which drive the multiplier! As temperature increases, voltage multiplier are not turned on during operation of 

the built-in potential of the parasitic bipolar transistor the dual polarity multiplier. Since the parasitic iransis- 

pn junctions will decrease, making this parasitic transis- 10 tors associated with the negative multiplier are not 

tor turn on more easily. Consequently, the paraatic turned on, it is possible to enhance the dual polarity 

transistor wiU compete with the MCKS transistor 02 and multiplier operating temperature range and signifi- 

will transfer off more arid more voltage multiplier out- cantly reduce its fall time. 

put current tb the substrate 1<^;;;J» P^l^f^^^ BRIEF DESCRimON OF THE DRAWING 
tor rather than enabluig the output current to be trans- IS 

ferred to the successive stages of the negative voltage FIGS. lA and IB are schematic diagrams of prior art 

multiplier. As a'result of this competition between the voltage multiplier circuits. FIG. lA represents a nega- 

parasitic bipolar transistor and the MOS transistor, the tive voltage multiplier and FIG. IB represents a posi- 

negative voltage multiplication vnH deteriorate. tive voltage multiplier. 

The positive voltage multiplier in the dual polarity 20 FIG. 2 is a schematic representation of the voltage 

voltage multiplier pair (shown in FIG. IB) does not waveforms (clock pulses) applied to the successive 

suffer from the above problems associated with the nodes of the voltage mult^lier. 

negative multiplier since the parasitic transistors associ- FIG. 3 is a partial sectional view of the transistor Q2 

ated with the MOS diodes that are utilized in the con- shown in FIG. lA. 

struction of the positive voltage multiplier are not 25 FIG. 4 is a block diagram illustrating the dual polar- 
turned on. This is because the p-epi region similar to 11 ity voltage multiplier for extended operating tempera- 
in this case is always at least S V more negative than any tures in accordance with the principles of the present 
of the n+ regions similar to 14 (FIG. 3). Consequently, invention. 

the waveforms 4>i and <^2 (which are ±5 V) can never FIG. 5 is a partial sectional view of the auxiliary 
bring the n+ region to a more negative potential than 30 voltage multiplier output connection, 
the p-epi region. Since the parasitic transistors are not FIG. 6 is a graphical comparison of the output char- 
turned on, there is no shunting of current from the acteristics at different temperatures of a negative volt- 
positive multiplier output node to the substrate. Also, age multiplier constructed in accordance with the pres- 
since there is no need for charging up the p-epi layer to ent invention and a conventional negative voltage mul- 
substrate 10 capacitance, the rise time of the positive 35 tiplier. 

voltage multiplier is "ot affected. _ DETAILED DESCRIPTION OF THE 

One way of solvmg the above problems associated ppcT7PDBcn PMnnniMFlMT 
with the negative voltage multipUer is to connect the PREFERRED EMBODIMENT 
output of the negative multiplier Woui (FIG. lA) to the In one illustrated embodiment, shown in block dia- 
p-cpi well region 11 and thereby reducing the current 40 gram representation in FIG. 4, the on-chip, dual polar- 
going to substrate 10 (FIG. 3). However, this is not ity high voltage multiplier for extended operating tern- 
practical, since the output node Voui of the negative perature range comprises a high negative voltage multi- 
multiplier is connected to the output node V'out of the plier 20 having an output designated as Vouty a high 
positive multiplier and this: common node goes both positive voltage multiplier 21 having an output V'out 
positive and negative during the operation of the posi- 45 and an auxiliary high negative voltage multiplier 22 
tive multiplier and negative multiplier respectively. As having an output designated as V^out- The outputs Vout 
a result, whenever the positive output of this common and Vom are connected together to generate the neces- 
node is applied to the p-epi well region 11, the pn junc- sary high write and erase voltages at the same node, 
tion (isolation diode) formed by the p-epi region 11 and These voltoges are typically about ±(20-25) volts, 
the n-substrate 10 will be forward biased, thereby limit- 50 Multipliers 20 and 21 may be constructed by means of 
ing the positive voltage to an isolation diode drop permanent coupling capacitors and n-channel MOS 
higher than the bias on the n-substrate 10. Conse- transistors (diodes) using the voltage multiplication 
quently, the positive voltage multiplier operation will scheme shown in FIGS. lA and IB, respectively. (The 
be severely inhibited. necessity for using permanent capacitors rather than 

. , ^ ^„ 55 depletion mode transistors arises from the need to gen- 

SUMMARY OF THE INVENTION ^^atg ^ common output node of multipliers 20 and 21 

It is an object of the present invention to provide an both positive and negative voltages. If depletion mode 

on-chip, dual polarity voltage multiplier capable of devices are used as coupling capacitors, then, many of 

operating in the wide temperature range of (—55 to the depletion devices in each multipUer scheme shown 

ISO'C. 60 in FIGS. lA and IB will be turned off whenever the 

It is another object of this invention to provide an common output node goes to a polarity opposite to the 

on-chip, dual polarity voltage multiplier having an im- output polarity of the individual multipliers 20 and 21, 

proved fall time. thus Hampering the operation of these multipliers.) In 

These and other objects arc accomplished by means the alternative, the coupling capacitors may be parallel 

of an auxiliary, on-chip, negative voltage multiplier 65 plate capacitors using polysilicon as the plate material, 

which is located in the common p-well of the dual po- The coupling capacitors Ci. C2 - - - Cn and C'l, C'2 - - - 

larity voltage multiplier and whose low negative volt- On and MOS transistors Qu Q2 — Qm and Q'l, Q'2 - • 

age output is connected to the common p-well. Alter- - Q'm of multipliers 20 and 21. respectively, may be 
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located in a common p-well (whether it be a p-well Since the positive voltage multiplier 21 (FIG, 4) does 

diffused into an n-type substrate or a p-epi layer formed not suffer from the turning on of parasitic transistors 

on an n-type substrate and flanked on all sides by deep associated with the MOS diodes utilized in its'construc- 

n+ diffusions) or in individual p-wells (one p-well per tion (since the p-epi region 11 in this case is always at a 

multiplier) depending on the layout of the remainder of. 5 potential more negative than any of the n+ regions, see 

the I.e. on the chip. The number of voltage multiplied- FIG. 3), there is no requirement for the output y'outof 

tion stages necessary for multipliers 20 and 21 is die- the auxiliary multiplier 22 to be applied to the p-epi 

tated by the required write and erase voltages of the region in which the MOS devices of multiplier 21 are 

devices on the chip, the higher the required voltage, the located. Thus, if the MOS devices of multiplier 21 are 

more are the number of stages. The outimt current located in a first p-epi region , on the substrate and the 

requirements of multipliers 20 and 21 are also dictated MOS devices of multipliers 20 and 22 are located in a 

by the requirements of the I.C on the chip. Typically, second and third p-epi regions (or a common p-epi 

for NVRAMs the positive and negative currents re- region) on the substrate, then to extend the operating 

quired are approximately 100 microamps. . temperature of the dual voltage multipher, the output 

Referring to FIG. 4^ the output V" out of the auxiliary }^ Vomof multiplier 22 needs to be connected only to the 

multiplier 22 is connected to the p-well(s) in which the second and third p-epi regions (or the common p-epi 

MOS transistors constitutmg the individual multipliers region). 

20, 21 (and 22) ace located to maintain the p-well(s) In designing the auxiliary negative multiplier 22, the 
always (i.e. regardless of operating temperature) at a voltage output V"oui should be at least (3-S) volts more 
sufficiently low negative potential to prevent turning on - negative than the maximum negative voltage generated 
of the parasitic bipolar transistors associated with the on the chip (i.e. the output Vdut) to ensure that the 
MOS transistors Qi, Q2 — Qm of the negative voltage parasitic transistors associated with the negative volt- 
multiplier 20 (and tJie auxiliary multiplier 22)': Since the age multiplier 20 are not turned on. Referring to FIG. 3, 
parasitic transistors associated with the transistors Qi, ^3 by maintaining the p-epi well 11 at a more negative 
Q2 - * Qm w not turned on even at high operating potehtxal than the n+ region 14, the bipolar transistor 
temperatures (of. the order of ISO* C), the negative 14-11-10 is prevented from turning on. In order to gen- 
voltage multiplier output current transfer by these para- erate the above-mentioned low voltage, it is necessary 
sitic devices to the substrate, which is characteristic of that the auxiliary multiplier 22 be regulated at a voltage 
prior art voltage multiplier circuits* is diminated and an more negative than the negative voltage multiplier 20. 
. extended operating temperature capability for the dual The auxiliary multiplier 22 need not have a shorter 
polarity voltage multiplier is achieved. fall time than the multiplier 20 since the sole function of 
The auxiliary negative voltage multiplier 22 may be multiplier 22 is to generate a more negative voltage than 
constructed using the voltage multiplication . scheme Vmi and continuously supply this voltage to the p-epi 
shown in FIG. lA. For convenience, the capacitors and 35 . well region(s). 

. MOS transistors which constitute the auxiliary multi- Referring to FIG. 4, although the voltage output 

plier 22 are designated as C'l, C2 C'a and Q"i, Vou/ of the auxiliary multiplier 22 is required to be 

Q"2 - - - Q"mf respectively.. In this construction, the morie negative than the output Vout of multiplier 20, 
coupling capacitors C"i, C'j - - - C"a may be depletion there is hb such.requirement with regard to the output 
mode tran^tors rather than permanent capacitors since ^ current of the auxiliary multiplier 22. In fact, the aiudl- 
the output node of the auxiliary multiplier 22 always iary multiplier 22 need not generate a high current The 
remains at negative polarity and there is no possibility output currient of multiplier 22 may be of a value which 
of the depletion mode devices being turned off and the is suiHaent to. maintain the p-well(s) of multipliers 20 
auxiliary multiplier made non-functional. The trahsis- and .22 charged (i.e. maintain the p-epi to n-substrate 
tors Q"], 0^*2 — Q"fn may be n-channel MOS devices 45 capacitance charged) during operation of the dual po- 
of the type used in the construction of multiplier 20. • larity voltage, multiplier shown in FIG. 4. In this con- 
One such MOS transistor Q"m, which corresponds to. . nectioii, it is important to take into consideration the 
the final stage of the auxiliary multiplier 22, is shown in substrate current (Le. the current that is shunted to the 
cross-sectional representation in FIG. 5. substrate 10" (FIG. 5) on which the auxiliary multiplier 
In FIG. 5, the various parts of the transistor Q' m 50 is located duie to the switching of the voltage wave- 
structure designated by double primed numerals 10" to forms <f>i and ^(FIG. 2) which are applied to drive the 
19" correspond to like parts of transistor Qi structure multiplier). The substrate current is a function of the 
shown in FIG. 3 and designated by numerals 10 to 19 current gain of the parasitic npn transistor formed be- 
with the exception that p-epi region 11" may be a com- tween the n+ region 14, p-epi region 11" and the sub- 
mon well in which the various components of all the ss strate 10" (FIG. 5). The substrate current will increase 
three multipliers 20, 21 and 22 or at least the compo- with the current gain of the parasitic transistor. If the 
nents of multipliers 20 and 22 (FIG. 4) are located. As current gain is top large, then all of the output current 
shown m FIG. 5, the final voltage output V"out of the that the multiplier can generate will go to the substrate 
auxiliary multiplier 22 which is generated at the drain and the operation of the dual polarity voltage multiplier 
14" is applied to the conunon p-well 11" via. the en- 60 will bejeopardized since there will be no output current 
hanced contact region 23" which is formed to enhance available at V"otf/(FIG. 4) for driving (i.e. charging) the 
the metal connection 24" to the p-epi wdl 11". A p-wel](s) of other multipliers. Because the current gain 
method of accomplishing this enhanced metal-to-p-con- of parasitic transistors is inversely proportional to the 
tact is disclosed in the copending U.S. patent applica- p-epi region 11" thickness, one way of decreasing the 
tion Ser. No. 409,193 entitled ''Expitaxial Contact Fab- 65 current gain (and therefore decreasing the substrate 
rication Process'* by John E. Dickman, Raymond A. current and increasing the output current) is to use a 
Tun and the present inventor, and assigned to the as- ■ thick, of the order of (15-18) microns thickness, p-epi 
signee of the present invention. layer 11". 
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The auxiliary multipUcr output current and substrate (25-l50rC. The circuit generated high negative output 
current are functions of temperature as well. At room voltages of more than about -20 volts. The output 
temperature, the substrate current is typically about current of this multiplier was sufTiciently high, in the 
twice that of the output current. At a high temperature range of about (-60 to -95) microamps. 
of about 150* C, the substrate current may be three 5 Thus, there has been described a dual polarity, high 
times as large as the output current. The reason for the voltage multiplier having the capability of operating at 
increase in substrate current at high temperatures is due an extended temperature range of up to 150* C. by 
to the parasitic npn transistors being easily turned on as means of an, on-chip, auxiliary negative volUge multi- 
temperature increases. plier whose output is continuously applied to the com- 

Since the auxiliary multiplier 22 should generate a 10 mon p-well of all the multipliers that constitute the dual 

more negative voltage output V'out than the output polarity multiplier or to the individual p-wells of each 

V«rt of negative multiplier 20 (FIG. 4) but need not negative multiplier. Since the output voltage of the 

provide a larger output current than that of multiplier auxiliary multiplier is more negative than, that of Uie 

20 or have a smaller fall time than that of multiplier 20, main negative multiplier, the p-welk are always maun- 

the number of voltage multiplication stages needed to IS tained at a low enough potential to prevent turping on 

construct the multiplier 22 could be smaller than that of of parasitic bipolar transistors associated with the MOS 

multiplier 20. devices used for the individual multiplier construction. 

In.this manner, the substrate current which jeopardizes 

CHARACTERIZATION ij,^ polarity voltage multiplier operation is elimi- 

The performance of a voltage multiplier circuit in 20 natedy Since the p-wells are m ai n tai n ed at a low nega- 
accordance with the present invention was evaluated by tive potential at all temperatures of up to 150* C, ex- 
fabricating, testing at various temperatures and evaluat- tended operating temperature capability of the dual 
ing two negative multiplier circuits, one having the voltage multiplier is achieved. Also, since Oie p-well is 
auxiliary voltage multiplier and the second without the alway^ maintained at a low potential, tHe need for 
auxiliary multiplier. The main negative multiplier dr- 25 charging the p-epi-to^bstrate capacitance is elimi- 
cuits and the auxiliary multiplier circuit each consisted nated: Consequently, the fall time, of the dual voltage 
of eighteen stages, but they were regulated at (Afferent multiplier is significantly improved. . 
voltages. The negative multipliers were regulated at a While the invention has bieen described in connection 
voltage of -20 volts and the auxiliary multiplier was with the use of an on;<;hip auxiliary negative voltage 
regulated at a more negative voltage of —25 volts. The 30 multiplier to extenid the operating, temperature range of 
coupling capacitors used in this construction were par- an on-chip dual polarity high, voltage multiplier, the 
allel polysilicon plate capacitors and the rectifying ele- invention, however, is not so limited. Another applica- 
ments were n-channel MOS transistors. The multipliers tidn of the auxiliary multipliisr involves its use with a 
were fabricated using the process disclosed in the previ- back bias generator to extend the operating temperature 
ously-menttoned U.S. application Ser. No. 410,674, by 35 range of the back bias generator circuit. The back bias 
the present inventor. In the case of the negative mutti- generator typically comprises a negative voltage multi- 
plier having the auxiliary multiplier, each multiplier was . plier, haying a low negative voltage (—2 volts to — 5 
located in a separate p-epi well and the output of Uie volts) output and constructed using coupling capacitors 
auxiliary multiplier was tied to both p-epi wells. Tht and MOS diodes connected in the voltage multipHca- 
p-epi layer thickness was approximately 15. microns.. 40 . tion scheme shown in FIG. lA. The back bias generator 

The test results are illustrated in FIG. 6 showing the suffers from loss of current to the substrate, particularly 
I-V characteristics of the negati ve multipliers with and at high temperatures, due to the turning on of parasitic 
without the use of the auxiliary multiplier at the irooin bipolar transistors associated with the various (n-chan- 
temperature of 25* C and a high 150" C. temperature. nel) MOS diodes located on a p-epi/p-well region of the 
The I-V characteristics of the multiplier paired with the 45 (n-type) substrate. One way of solving this problem is to 
auxiliary multiplier is shown by the continuous lines and . coriihect tiie output node of the back bias generator to its 
those of the multiplier without the auxiliary multiplier owii p-well/p-epi region. However, to compensate for 
are shown by the dashed lines. The voltage multiplier the ioss of current to the substrate, the back bias genera- 
output current plotted on the vertical axis is negative in tor will then have to generate a current which is signifi- 
accordance with the convention that in a negative volt- SO cantly larger than the required output current. For 
age multiplier circuit current flows into the multiplier example, ; if the required output current is about 100 
output node. microamps, the back bias generator will have to gener- 

It is quite apparent from FIG. 6 that the I-V charac- ate a current of as much as 200 microamps. In order to 
teristics of the negative voltage muhiplier without the generate this large current the coupling capacitors con- 
auxiliary multiplier degraded quite significantly at the 55 stituting the back bias generator will have to be large (in 
high temperature as compared with its characteristics at area). However, these large capacitors will consume a 
room temperature. First, this voltage multiplier was large area of valuable chip real estate thereby decreas- 
able to generate an output ciurent only in the low volt- ing device density on the chip. 

age range of 0 to —12 volts. Second, the output current By using an auxiliary negative voltage multiplier 
of this multiplier was also low of approximately 0 to 60 whose output is connected to the p-well/p-epi region in 
— 50 microamps. Both of these results render this multi- which the MOS diodes of back bias generator are lo- 
plier unsuitable at high temperatures for most, on-chip, cated the above problems associated with the conven- 
voltage generation purposes. tional back bias generator are solved. The auxiliary 
In contrast with the poor results obtained with the voltage multiplier output voltages and current for this 
single voltage multiplier, the negative multiplier paired 65 application are sufTiciently small of about (—5 to —8) 
with the auxiliary multiplier has excellent operational volts and (1-10) microamps, respectively. These out- 
features. In this case, the 1-V characteristics were essen- puts maintain the p-epi/p-well region of the back bias 
tially independent of temperatures in the range generator sufficiently more negative than the n^ re- 
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gions associated with the MOS devices and prevent 
turning on of the parasitic bipolar devices associated 
therewith, Since the auxiliary voltage multiplier output 
current is small, the coupling capacitors constituting the 
auxiliary multiplier are smaU (in area). Thus, even 
though an additional, on-chip, (auxiliary) voltage multi- 
plier is used with the back bias generator, a net savings 
in chip real estate is obtained. 

Since, typically, the output voltage of the auxiliary 
multiplier for the back bias generation application need 
not be more than about —8 volts, the auxiliary multi- 
plier m this case can be constructed with 2 or 3 voltage 
multiplication stages. 

While the invention has been shown and described 
with respect to a preferred embodiment thereof, it will 
be understood by those skilled in the art that various 
changes in form and detail may be made therein without 
departing from the spirit and scope of the invention. 

I claim: 

1. A dual polarity voltage amplifier integrated circuit 
on a semiconductor substrate of a first conductivity 
type having an isolated region of an opposite conductiv- 
ity type, said circuit comprising: 
a positive voltage multiplier consisting of a plurality 25 
of coupling capacitors and metal-oxide-semicon- 
ductor (MOS) diodes connected together for gen- 
erating a positive output voltage, said MOS diodes 
being located in said isolated region; 



and said auxiliary multiplier output voltage applied 
to said second and third isolated regions. 

3. The circuit as in claim 2 wherein the coupling 
capacitors are parallel polysilicon plate capacitors. 

4. The circuit as in claim 2 wherein the coupling 
capacitors constituting said positive voltage multiplier 
and negative voltage multiplier are parallel polysilicon 
plate capacitors and the coupling capacitors constitut- 
ing the auxiliary multiplier are depletion-mode devices. 

5. The circuit as in claim 2 wherein said substrate is 
n-type single crystal silicon and said first and second 
regions are p»type epitaxial silicon. 

6. A voltage multiplier circuit on an n-type semicon-. 
ductor substrate having a first and second p-type iso- 

IS lated regions thereon, said circuit comprising: 

a first voltage multiplier having a plurality of cou- 
pling capacitors and metal-oxide-semiconductor 
(MOS) diodes connected together for generating a 
negative voltage output, said first multiplier MOS 
diodes being located in said first p-type region; and 
a second voltage multiplier having a plurality of cou- 
pling capacitors and MOS diodes connected to- 
gether for generating a negative voltage output 
more negative than said first multiplier output, said 
second multiplier MOS diodes being located in said 
second p-type region and said second multiplier 
output connected to said first and second p-type 
regions. 

7. The circuit as in claim 6 further comprising a third 
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a negative voltage multipUer consisting of a plurality 30 voltage multiplier haying a plurality of coupling capaci- 



of coupling capacitors and MOS diodes for gener- 
ating a negative output voltage, said negative mul- 
tiplier MOS diodes being located in said isolated 
region; and 

an auxiliary voltage multiplier consisting of a plural- 
ity of coupling capacitors and MOS diodes for 
generating a negative output voltage more nega- 
tive than said negative multiplier output, said auxil- 
iary multiplier MOS diodes being located in said 
isolated region and said auxiliary multiplier output 
applied to said isolated regioiL 

2. A dual polarity voltage multiplier integrated cir- 
cuit on a semiconductor substrate of a first conductivity 
type having a plurality of isolated regions of a conduc- 
tivity type opposite to said first conductivity type, said 
circuit comprising: 

a positive voltage multiplier having a plurality of 
coupling capacitors and metal-oxide-semiconduc- 
tor (MOS) diodes connected together for generat- 
ing a positive output voltage, said MOS diodes 
bong located in a first isolated region; 

a negative voltage multiplier having a plurality of 
coupling capacitors and MOS diodes connected 
together for generating a negative output voltage, 
said negative multiplier MOS diodes being located 
in a second isolated region; and 

an auxiliary negative voltage multiplier having a plu- 
rality of coupling capacitors and MOS diodes con- 
nected together for generating a negative output 60 
voltage more negative than the output voltage of 
said negative multiplier, said auxiliary 'multiplier 
MOS diodes being located in a third isolated region 
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tors and MOS diodes connected together for generating 
a positive voltage output, said third multiplier MOS 
devices being located in said first or second p-type re- 
gion. 

8. The circuit as in claim 7 wherein said substrate is 
single crystal silicon and said p-type regions are epitax- 
ial silicon. 

9. A dual polarity high voltage multiplier integrated 
circuit on an n-type semiconductor silicon substrate 
having an isolated p-type expitaxial silicon region 
thereon, said circuit comprising: 

a first voltage multiplier having a plurality of cou- 
pling capacitors and n-channel MOS diodes con- 
nected together for generating a high positive volt- 
age output, said MOS diodes being located on said 
epitaxial region; 

a second voltage multiplier having a plurality of cou- 
pling capacitors and n-channel MOS diodes con- 
nected together for generating a low negative volt- 
age output, said second multipher MOS diodes 
being located in said epitaxial region; and 

a third voltage multiplier having a plurality of cou- 
pling capacitors and n-channd MOS diodes con- 
nected together for generating a negative voltage 
output which is more negative than said second 
multiplier voltage output, said third multiplier 
MOS diodes being located in said epitaxial region 
and said third multiplier output applied to said 
epitaxial region. 

10. The circuit as in claim 9 wherein said coupling 
capacitors are parallel polysilicon plate capacitors lo- 
cated on said substrate. 
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[57] ABSTRACT 

A monolithic integrated circuit containing an inver- 



ting/non-inverting voltage doubler charge pump circuit 
is disclosed for converting a unipolar supply voltage to 
a bipolar supply voltage of a greater magnitude. The 
unipolar input voltage is placed across a first external 
transfer capacitor by a first set of MOS switches during 
a first time period. The unipolar input voltage source is 
placed in series with the first transfer capacitor and this 
series combination of voltages is placed across a first 
external reservoir capacitor by a second set of MOS 
switches during a second time period. The voltage ap- 
pearing across the first external reservoir capacitor is 
placed on a second transfer capacitor during the first 
time period by a third set of MOS switches. The voltage 
across the second transfer capacitor is placed into a 
second external reservoir capacitor with its polarity 
inverted by a fourth set of MOS switches during the 
second time period. A dual-collector lateral junction 
transistor, formed during the conventional CMOS pro- 
cessing steps used to fabricate the MOS switches, is 
connected as a voltage clamp between a ground poten- 
tial and the two bipolar DC output lines of the power 
supply circuit to assure correct start-up conditions for 
the circuit. Gain reduction devices are placed in the 
semiconductor substrate to collect minority carriers 
which would otherwise be injected into inherent para- 
sitic four layer PNPN junction devices created as a 
result of the architecture of the circuit, to prevent latch- 
up of the four layer devices. In a preferred embodiment, 
an RS-232 receiver and transmitter are contained on the 
same monolithic integrated circuit as the dual charge 
pump power supply. 

2 Claims, 10 Drawing Figures 
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cuit board real estate, and often are power inefficient, 

INTEGRATED DUAL CHARG E PUM P POWER i.e., heat producing. 

SUPPLY AND RS-232 TRANSMirTER/RECEIVER The industry has recently turned its attention to at- 
tempts to furnish auxiliary power supplies of the nature 

This application is a continuation of application Ser. S herein described on a single semiconductor substrate. 

No. 782,953 filed Oct 1, 1985. Such circuits have the obvious advantages of space 

RArK:r,RnTTNm OFTHF invention assembly labor savings, and relatively lower 

BACKGROUND OF THE INVENTION p^^^^ dissipation. A form of such circuits known as 

1. Field of the Invention charge pumps have been used in semiconductor mem- 
The present invention pertains to charge pump power 10 ory chips to produce a crude back bias supply and for 

supplies for generating bipolar output voltages greater supplying the higher voltages needed to program such 

in magnitude than a single unipolar input voltage. More memory devices. Charge pump circuits have been used 

particularly, the present invention pertains to the inte- in the inverting mode to produce voltage polarities 

gration of such a circuit on a single piece of semicon- opposite to that of the supply voltage from which they 

ductor substrate material. Further, the invention per- 15 are generated. An example of such a circuit is found in 

tains to other circuitry integrable on a single piece of the product designated ICL 7660, a power supply cir- 

semiconductor substrate material along with such a cuit manufactured by the assignee of the present inven- 

power supply circuit. tion. 

2. Prior Art The efforts to design and implement a bipolar charge 
Discrete component voltage doubler and voltage 20 pump integrated circuit have met with several obstacles 

inverter circuits are well known in the art. Such circuits which result from the inherent nature of the integration 
are used in many electronic systems which require a process and the fabrication process which are used to 
multiplicity of DC voltages for operation. More re- manufacture these devices. It is well known to those in 
cently, in the context of digital.circuits and systems, it the art that when MOS or CMOS circuits are integrated 
has become common to employ a single five voh unipo- 2S onto a single semiconductor substrate, the chip layout 
lar voltage supply to power digital circuitry in modem geometry and architecture inherently produce parasitic 
data processing systems. For example, semiconductor junction devices. These devices include junction diodes, 
microprocessors, memories, and logic all commonly bipolar transistors, and PNPN four layer diode devices, 
operate from a single five volt power supply. There are similar to silicon controlled rectifier (SCR) devices, 
however, certain interface circuits and other special 30 The existence of these parasitic devices has created 
purpose circuits which require voltages other than five difficulties in the design and fabrication of dual polarity 
volts. More particularly, some circuits require voltages charge pump power supply circuits. When forward 
in the ranges of from five to fifteen volts. Additionally, biased, the aforementioned four layer diode device will 
requirements often exist for bipolar power supply volt- cause a CMOS circuit to experience a phenomenon 
ages so that voltage power requirements of plus or 35 known as latch-up. Latch-up is a phenomenon common 
minus 15 volts and plus or minus 12 volts are commonly to CMOS circuits whereby the circuit can be triggered 
encountered, for example in RS-232 communication into a low impedance conducting state by forward bias- 
loops, ing an inherent four layer diode device in the circuit. 

For these communication circuits and other applica- This four layer diode may be triggered by various 
tions, bipolar DC power requirements are low when 40 means into a low voltage, low impedance state. When 
compared to the digital circuitry power requirements. this occurs, operation of the circuit is inhibited and 
In fact, it is common to encounter five volt unipolar possible damage may occur to the circuit if there is no 
power supplies for driving digital logic rated in tens or inherent current limiting designed mto the circuit, 
hundreds of watts whereas interface and other power Another problem inherent in the design of dual polar- 
requirements may be as low as tens or hundreds of 45 ity charge pump inverter circuits is die difficulty of 
milliwatts. assuring correct start-up of the circuit The conditions 

It is therefore often desirable to genetate locally the existing in the semiconductor material at the time of 

various non-primary voltage sources, i.e., the bipolar start-up may randomly produce states which prevent 

voltage sources, if the power requirements are not high such a circuit from ever starting up to produce the 

and if it can be done economically and with relatively 50 desired output voltages. In the past, elaborate systems 

high electrical power conversion efficiencies. and considerable extra circuitry has been designed into 

For an example, a minicomputer may have a 100 watt such circuits in an attempt to avoid this problem. 

5 volt power supply which supplies all of the require- npipF nPSPRlPTinN nF THF iNTVFNTinisj 

ments for a multiphcity of printed circuit boards hold- BRIEF DESCRIPTION OF THE INVENTION 

ing logic integrated circuits. On one of those integrated 5S The present invention consists of a CMOS inverting 

circuit boards, there will often be an RS-232 digital and non-inverting charge pump power supply inte- 

interface circuit requiring a plus or minus 10 or plus or grated into a single piece of semiconductor substrate 

minus 15 volt power supply. This interface circuit may material. An inherent lateral bipolar transistor formed 

consume 50 milliwatts of power. Instead of generating during the CMOS fabrication process is utilized to al- 
the plus and minus 15 volt power supply from the main 60 ways assure the correct operating conditions which will 

power supply and then bussing these voltages to the allow start-up of the circuit. In addition, the inherent 

boards which require them, it is often more economical four layer diode devices which are created during the 

to generate these two voltages from the bussed five volt fabrication of the circuit are identified during the geom- 

power supply locally on whatever board needs other etry layout process which defines the locations on the 
voltages. However, generating such voltages by the use 65 semiconductor substrate where the various devices will 

of discrete components is often disadvantageous be- be placed, and extra minority charge collector regions 

cause the additional components required to generate are placed in the semiconductor substrate to collect 

such voluges take up a relatively large amount of cir- injected minority charge carriers and prevent the possi- 
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bility of triggering the inherent four layer PNPN junc- . switches 14 and 16 are open and switches 18 and 20 are 
tion into a low impedance conducting or latch-up mode. closed. 

Another aspect of the present invention is the integra- As can be seen from FIG. 1(a), when switches 18 and 
tion, on a single piece of semiconductor substrate mate- 20 are closed during the second phase the voltage 
rial, of an inverting charge pump power supply, a non- 5 source 12 is effectively placed in series with the voltage 
inverting charge pump power supply, and a combina- stored across reservoir capacitor 10 and thus the sum of 
tion of RS-232C receivers and transmitters. Combina- the voltage across voltage source 12 and capacitor 10 is 
tion of RS-232C transmitters and receivers may consist placed across reservoir capacitor 22, 
of at least one transmitter together with either zero or The inverting portion of the voltage doubler circuit 
any number of receivers. 10 operates as follows: transfer capacitor 24 is charged to 

^ the voltage across reservoir capacitor 22 via the 

BRIEF DESCRIPTION OF THE DRAWINGS g^t^hes 26 and 28 which are closed during the first 

FIG. 1(a) is a simplified schematic diagram of the phase of operation of the circuit while switches 30 and 
charge pump circuit of a preferred embodiment of the 32 remain open. During the second phase of circuit 
present invention. 15 operation switches 26 and 28 are opened and the volt- 

FIG. l(^) is a schematic diagram of the charge pump age across transfer capacitor 24 is placed on reservoir 
circuit of FIG. 1(a) wherein the switches are replaced capacitor 34 via the closing of switches 30 and 32. 
by MOS transistors. Those of ordinary skill in the art will note that the 

FIG. 2 is a gate drive circuit suitable for operating circuit configuration is such that when the voltage 
driving the gates of the charge pump circuit of FIG. 20 across transfer capacitor 24 is placed across reservoir 
1(^). capacitor 34 the positive end of transfer capacitor 24 is 

FIG. 3 is a schematic diagram of a preferred embodi- connected to ground line 36 through switch 32 and the 
ment of the present invention further showing the sub- negative end of capacitor 24 is connected to the side of 
strate connections of the MOS devices and a PNP lat- reservoir capacitor 34 connected to —2 Vcc output line 
eral junction device for assuring the correct start-np 25 38. The polarity of the voltage across reservoir capaci- 
conditions of the charge pump circuit. tor 34 with respect to ground line 36 is thus such that 

FIG. 4 is a semiconductor substrate profile drawing the voltage across reservoir capacitor 34 is negative, 
of NPN laterad transistor suitable for use in the present The output of reservoir capacitor 22 is connected to +2 
unvention. Vcc output line 40. 

. ; FIGS, 5(g) and 5(b) are respectively a schematic 30 The first and second phases of circuit operation de- 
representation of a four layer device and a semiconduc- scribed above are repeated at a frequency which may 
tor substrate profile drawing of such a device showing range from approximately 100 hertz to lOO's of kilo- 
the MOS geometry which inherently creates such a hertz or higher. It has been found that a frequency of 
.device. approximately IS KHz performs satisfactorily for the 

. . FIG. 6(a) is a schematic diagram of a four layer de- 35 purposes of the present invention, 
vice having extra P region collectors, suitable for use in The foregoing represents an idealized characteriza- 
. the present invention. tion of the operation of the circuit of FIG. 1(a). Those 

.. FIG. 6(b) is a substrate profile drawing of a four layer of ordinary skill in the art will readily realize that it will 
.:.device suitable for use in the present invention having take several first and second phase cycles before the 
r.extra minority charge carrier collectors for preventing 40 resultant voltage between ground terminal 36 abd +2 
::.latch-up showing the relative placement of such charge Vcc output terminal 40 actually reaches a voltage value 
v<x3llectors. of +2 Vcc. Likewise, it will be appreciated that several 

FIG. 7 is a block diagram of an embodiment of the cycles are also needed for the voltage between ground 
present invention including a dual integrated charge terminal 36 and —2 Vcc output terminal 38 arrives at a 
pump power supply and a RS-232C receiver and trans- 45 voltage of —2 Vcc. 

mitter. Those of ordinary skill in the art will also realize that 

DESCRIPTION OTA ^^^^p^^ ^^e circuit of FIG. 1(a) depends on the rela- 

EMBODIMENT transfer capacitors 10 and 24 and reservoir 

Referring first to FIG. 1(a), simplified conceptual 50 capacitors 22 and 34, as well as the on impedance of 
schematic drawing of the basic charge pump circuit of switches 14, 16, 18, 20, 26, 28, 32 and 30. 
the present invention, the circuit of the present inven- It wDl also be apparent that the voltage appearing 
tion operates by placing an input voltage upon one of between output terminals 36 and 38 or 36 and 40 will be 
two transfer capacitors via a series of switches. The approximately twice the input voltage supplied by volt- 
charge in that capacitor is then transferred to one of 55 age source 12. Those of ordinary skill in the art will 
two reservoir capacitors. The polarity of the voltage is appreciate that other multiples of the input voltage Vcc 
established via the switch interconnecting scheme. at voltage source 12, are readily achievable using the 

More specifically, the operation of the circuit of FIG. concept of the present invention. 
1(a) is time-divided into two segments, or phases. In a Turning now to FIG. l{b), it is seen that in an actual 
first phase, voltage from a voltage source is placed on 60 embodiment of the present invention switches 14, 16, 
transfer capacitors. During a second phase the voltage 18, 20, 26, 28, 30 and 32 have been replaced with MOS 
. on the transfer capacitors is transferred to the reservoir transistors. Thus, switch 14 is replaced by P-channel 
capacitors. MOS transistor 14(a), switch 16 is replaced by N-chan- 

Referring first to the positive voltage doubler portion nel MOS transistor 16(a), switch 18 is replaced by P- 
of the circuit, transfer capacitor 10 is charged from 65 channel MOS transistor 18(a), switch 20 is replaced by 
voltege source 12 (having a value Vcc) by closing P-channe! MOS transistor 20(a), switch 26 is replaced 
switches 14 and 16 while switches 18 and 20 remain by P-channel MOS transistor 26(a), switch 28 is re- 
open during a first phase. During a second phase placed by N-channel MOS transistor 28(a), switch 30 is 
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replaced by N-channel MOS transistor 30((z), switch 32 
is replaced by N-channel MOS transistor 32(a). 

The time controlled operation of the circuit of FIG. 
l{b) is implemented by phase control unit 42. Phase 
control unit 42 drives all of the gates of the MOS de- 5 
vices, 14(a), 16(a), 18(a), 20(j), 26(a), 28(a), 30(a), and 
32(a) via gate control lines 44 and 46. Gate control lines 
44 and 46 are connected to the gates of the P-channel 
MOS transistors and N-channel MOS transistors, used 
as MOS switches, such that the switches are turned on 10 
and off appropriately as described herein during the 
first and second phases of the circuit operation. 

Those of ordinary skill in the art will readily appreci- 
ate that, in order to insure efficient power transfer, that 
switching of MOS switching devices should be accom- 
plished on a break before make basis* or, at worst case, 
on a simultaneous switching basis. Those of ordinary 
skill in the art will also realize that the order of phases 
could be reversed. Alternatively, a first clock could be 
used to control the sets of MOS switches controlling ^ 
transfer capacitor 10 and reservoir capacitor 22, and a 
second clock could be used to control the sets of MOS 
switches controlling transfer capacitor 24 and reservoir 
capacitor 34. ^5 

It should be understood for purposes of this disclo- 
sure, that all of the capacitors shown in FIGS. 1(a) and 
1(b) would be located outboard of the integrated circuit 
in an actual embodiment. That is, these capacitors are 
external components which connect to the integrated 3^ 
MOS switches on the semiconductor substrate via ter- 
minals provided on the semiconductor substrate for that 
purpose. For an operating frequency of 15 KHz, 20 
microfarads is a sufficient size for all capacitors. Those 
of ordinary skill in the art will readily appreciate that as 35 
the switching frequency is increased the values of the 
capacitors will drop, but that switching losses will in- 
crease due to the charging to discharging at the clock 
rate of its parasitic nodal capacitances in the MOS de- 
vices. Conversely, as the switching frequency de- 4Q 
creases, the size of the capacitors would increase, with 
the concomitant disadvantage that the increasing capac- 
itor size is accompanied by increasing physical size of 
the capacitors. 

For a current capacity of 10 milliampere at + 10 volts 45 
and — 10 volts, the MOS switching devices should have 
. a channel width to channel length ratio of 5000 to 
10,000, with channel lengths of approximately five mi- 
crons. Those of ordinary skill in the art will recognize 
that the range of current output of the circuit described so 
herein could be as large as approximately one ampere, 
however, the MOS devices would have to be scaled 
accordingly as is well known in the art. 

Referring now to FIG. 2, an embodiment of the phase 
control unit 42 of the present invention, the operation of 55 
phase control unit 42 is disclosed. Those of ordinary 
skill in the art will recognize that phase control unit 42 
may consist of three conventional CMOS inverter cir- 
cuits each comprised of a P-channel and N-channel 
MOS transistor pair. The embodiment of FIG. 2 con- 60 
tains a first CMOS inverter comprised of P-channel 
MOS transistor 44 and N-channel MOS transistor 46, 
the inverter comprised of P-channel MOS transistor 48 
and N-channel MOS transistor 50, and the inverter 
comprised of P-channel MOS transistor 52 and N-chan- 65 
nel MOS transistor 54. 

These three inverter pairs are driven by oscillator 56, 
which may be any conventional oscillator configured 
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from CMOS elements as is well known to those skilled 
in the art. 

The circuit of FIG. 2 is powered by +2 Vcc and —2 
Vcc lines 36 and 40. This assures that the voltage swing 
on gate lines 44 and 46 will span approximately the 
entire power supply range, thus ensuring that all of the 
gates of the P-channel and N-channel devices which 
they drive will be as fully turned on as possible and can 
be turned off since all transistors and enhancement 
ty|>es. This will guarantee as low an on-state impedance 
of the MOS switches as possible thus maximizing the 
efficiency and current drive capabilities of the present 
invention. 

In the illustration of a preferred embodiment of the 
present invention depicted in FIG. 1(a), the substrate 
connections of the MOS devices are shown unconunit- 
ted. Those of ordinary skill in the art will realize that 
junction isolated MOS transistors such as used in FIG. 
1(b) are four-terminal devices and that both the gate 
terminal and the substrate terminal are control termi- 
nals. The turn-on voltage of the gate terminal is afTected 
by the reverse bias on the substrate to source junction. 
As that reverse bias is increased, the turn on voltage of 
the device also increases. The affect is significantly 
greater for an N-channel transistor than a P-channel 
transistor. 

As the substrate-to-'source voltage increases the gate 
turn voltage of the device also increases, thus poten- 
tially increasing the on resistance of the device to a 
point where circuit operation could be seriously ef- 
fected. Since, in a circuit of this nature, the drain-source 
resistance in the on state should be as low as possible, it 
is desirable to connect each N-channel MOS transistor 
substrate to its source. 

With respect to P-channel transistors the effect of this 
reverse substrate source biasing is about half of that for 
N-channcl MOS transistors due to lighter channel im- 
purity doping densities. The most practical solution in 
the case of the P-channel MOS transistors is to connect 
all P-channel substrates to the most positive voltage in 
the circuit. That voltage is, as seen from FIG. 1(a) -1-2 
Vcc which appears on positive supply Une 40. These 
connections are shown in respect to FIG. 3. 

Prior to start-up, it is reasonable to assume that zero 
voltage exists on all capacitors. At start-up, reservoir 
capacitor 22 may be connected to ground line 36 or to 
—2 Vcc line 38. Reservoir capacitor 22 will be immedi- 
ately charged with the source substrate diodes of P- 
channel MOS transistors 14(a) and 18(a) to a voltage of 
approximately Vcc —0.6 of a volt. The voltage on 
reservoir capacitor 34 could lie somewhere between 
ground line 36 and the voltage on reservoir capacitor 
22; depending which of transistors 26(a), 28(a), 30(a) or 
32(a) were conducting (if any). This results in a voltage 
on the —2 Vcc line that could be such that N-channel 
transistor 16(a) and other transistors being turned on. 
Under these conditions, a voltage between -f 2 Vcc and 
—2 Vcc drives the gates of all of the output transistors 
and is indeterminate. Thus both start-up and operation 
is not assured. 

If the other possible start-up conditions of the capaci- 
tor and MOS device connections and off/on states are 
assumed, those of ordinary skill in the art will readily 
appreciate that the start-up and operation of the circuit 
of FIGS. 1 and 2 is not assured. 

The solution to this dilemma is to place a clamp on 
the —2 Vcc line 38 to clamp that voltage line to assure 
that it will never assume a voltage substantiaUy more 
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positive than that appearing on ground line 36. The +2 
Vcc line 40 is also clamped so that it will never assume 
a voltage substantially more negative than the voltage 
Vcc on approximately Vcc —0.6 volts. 

While those of ordinary skill in the art will realize 5 
that, conceptually, a diode would be an ideal clamping 
means for the —2 Vcc line 38, it is not possible to fabri- 
cate a simple PN junction diode in a MOS process. A 
junction transistor will always be created by an attempt 
to fabricate a diode. The presence of such a transistor in 10 
the circuit of FIG. 1(^) would cause excess wasted 
current to flow in the circuit, because of its beta or 
current gain. 

In a preferred embodiment of the present invention, 
this clamp is comprised of a lateral NPN transistor. This 
lateral NPN transistor is shown in FIG. 3. The lateral * 
collector and base of this device are both connected to 
—2 Vcc line 38, its vertical collector connected to +2 
Vcc. The lateral collector serves to minimize the effec- 
tive current gain of the unwanted but inherent vertical ^ 
collector of NPN transistor 58, which would otherwise 
cause excess current flow from the +2 Vcc line 
through ground. Unless the —2 Vcc line 38 exceeds 
ground "by approximately 0.6 of a volt in the positive 
direction, this device will not conduct current. If the 
—2 Vcc line equals approximately 0.6 volts, the device 
turns on and current will flow in approximately equal 
portions through both collectors to maintain the —2 
Vcc line at no greater than zero plus approximately 0.6 
volts. 

With respect to the clamp for +2 Vcc line 40, the 
action of the inherent junction diodes 59(a) and S9{b) 
present between the drain and substrate of devices 14(fl) 
and 18(a) serve to clamp the +2 Vcc line to a voltage 35 
no more negative than the input positive supply voltage 
Vcc minus approximately 0.6 volts. 

Consequently the voltages on -|-2 Vcc line and —2 
Vcc line are both well deflned. Additionally the voltage 
^difference between +2 Vcc line 38 and —2 Vcc line 40 40 
.at start-up is (Vcc — 1.2) volts and is also well deflned. 
.:This value of voltage is sufflciently large to guarantee 
operation of the drive circuitry for the gates of the 
output transistors until the charge pumps charge the 
lines +2 Vcc (40) and —2 Vcc (38) to those voltages. 45 

The lateral NPN transistor used to clamp —2 Vcc 
line 38 is fabricated using conventional CMOS fabrica- 
tion techniques. For a current drain of plus and minus 
10 mA at 10 volts, the periphery of the emitter for the 
lateral NPN transistor can typically be 100 microns. 50 
Those of ordinary skill in the art will appreciate that the 
size of this device may be scaled to accommodate larger 
current carrying requirements, and its periphery need 
not be larger than 1000 microns. 

Referring now to FIG. 4, a substrate profile drawing 55 
of a dual collector lateral NPN transistor 58, that tran- 
sistor 58 is fabricated on a portion of the lightly doped 
N type substrate material 60 in a P-well 62. P-well 62 is 
placed into substrate 60 using common CMOS process- 
ing techniques. N region 64 serves as the emitter of the 60 
lateral NPN transistor, and is surrounded by N region 
66 which serves as the lateral collector. P region 68 in 
P-well 62 serves as the base contact, it being understood 
by those skilled m the art that P-well 62 itself serves as 
the base of lateral NPN transistor 58. N-region 70 lo- 65 
cated in a region of substrate 60 outside of P-well 62 
serves as the unwanted, but inherent vertical collector 
of NPN lateral transistor 58. 



When the base emitter junction of lateral NPN tran- 
sistor 58 is forward biased, minority carriers injected by 
the emitter into the base are collected by both the verti- 
cal and lateral collectors in roughly equal amounts. 
Connecting the lateral collectors to the common base 
reduces the vertical collector current to approximately 
i of the clamp current. If a vertical NPN transistor had 
been used alone, the clamp current (base current) would 
be multiplied by the beta (approximately 500 of the 
device) thereby wasting large amounts of current. 

Referring now to FIGS. l{b) and 3, during start-up 
reservoir capacitor 22 is charged by the forward biased 
condition of the source-substrate diodes 59(a) and 590) 
of P-channel device 14(a) and the drain substrate diode 
of P-channel device 18(a). The initial current surge 
through these diodes can be hundreds of milliamperes 
and thus be well above the holding current of the inher- 
ent SCR type four layer diode device which exists in the 
circuit. 

Such a four layer device is schematically represented 
in FIG. 5(a). Referring to FIG. 5(a), it is seen that the 
four layer device is made up of PNP transistor 72, NPN 
transistor 74, resistor 76, and resistor 78. Resistor 76 is 
connected across the base-emitter junction of PNP tran- 
sistor 72 while resistor 78 is connected across the base- 
emitter junction of PNP transistor 74. The base of NPN 
transistor 74 is connected to the collector of PNP tran- 
sistor 72 and the base of PNP transistor 72 is connected 
to the collector of NPN transistor 74. The connection of 
the emitter junction of PNP transistor 72 and resistor 76 
form the anode connection 78 of the four layer device 
and the intersection of resistor 78 and the emitter of 
NPN transistor 74 form the cathode connection 80 of 
the four layer device. 

As will be appreciated by those of ordinary skill in 
the art, the four layer device shown in FIG: 5(a) will 
enter a low impedance state between its anode 80 and 
cathode 82 afler suitable triggering if the product of the 
betas of the two equivalent transistors is greater than 
one and the anode current into the four layer device is 
greater than the turn on voltage of either transistor 
divided by its equivalent base emitter shunting resistor, 
whichever is greatest. 

Referring now to FIGS. 3, 5(a) and 5(6), it will be 
apparent to those of ordinary skill in the art that such a 
four layer device occurs in the circuit of FIG, 3. The 
sources of either of P-channel devices 14(a) and 18(a) 
(shown diagrammatically as P region 84 in FIG. 5(^)) 
represent the emitter of PNP transistor 72 of FIG. 5. 
The semiconductor substrate 60 forms the base of PNP 
transistor 72 as weU as the collector of NPN transistor 
74. P-well 86 forms the collector of PNP transistor 72 as 
well as the base of NPN transistor 74. The source of 
either of N-channel transistors 16(a) and 32(a), one of 
which is shown as N region 88 of FIG. 5(6), forms the 
emitter of NPN transistor 74. Resistor 76 is formed by 
the bulk resistance of the P-well 86. Likewise, the resis- 
tor 78 is formed by the bulk resistance of the substrate 
material. Those skilled in the art will note that regions 
such as P region 90 in P-well 86 and N region 92 in 
substrate 60 serve as low resistance surface planes com- 
monly used in CMOS technology to buss supply volt- 
ages to the surfaces of substrate and P-wells. 

In order to trigger the four layer device into its low 
impedance state, currents must be injected into the base 
of either of transistors 72 or 74, either the P-well 86 or 
the substrate 60. These currents must be greater than 
the holding current required for the four layer device. 



4,679,134 

9 10 

This condition can occur by various means. For exam- Contact 126, contacting P region 128 is at Vcc poten- 
ple, a very rapid rate of increase in the anode-cathode tial. P region 128 may be either the source of P channel 
voltage will force current into the bases of transistors 72 MOS transistor 14(a) or the drain of P-channel MOS 
and 74 due to the charging of the collector-base junc- transistor 18(a) from FIGS. 1 and 3. P region 128 forms 
tion capacitors inherent in those devices. Alternatively, 5 the emitter of PNP transistor 108. 
forward biasing of a region in the substrate junction P regions 130(a) through 130(e), in substrate 60, form 
adjacent to the P-well 86 and P-region 84 forming the the multiple collectors of PNP transistor 108 (shown at 
emitter of transistor 72 could induce base currents to 114 in FIG. 6(a)). Multiple collectors 130(a) through 
flow in transistor 72 and 74 sufficient to exceed holding 130(e) are connected together at the surface of the semi- 
current values. Either of these conditions could occur at 10 conductor substrate 60 by layer 132 which may be made 
start-up of the circuit of FIG. 3. aluminum and fabricated during the metalization step 

In order for the inverting doubler charge pump cir- » conventional CMOS fabrication process. N regions 

cuit of the present invention to reliably operate, it is ^^°) through 134(^0, disposed in between P regions 

necessary to assure that this possible latch-up condition l^OW through 130(e) are used for the purpose of mak- 

can never occur. One method which is used in some ing a low impedance contact between the +2 Vcc line 

CMOS circuits to inhibit the possibility of latch-up and the substrate. P-well 120, die base of NPN transis- 

wouid be to insert high value resistors in series with 1^6, also serves as the single co lector of PNP tran- 

either or both of the emitters of NPN transistor 74 or ^ ^^^Y" "^^^^^ ' ^he regions 135 

PNP transistor 72. This method, however, in the pres- ^ ^ ^Vri^J^"^"' ^^^^ ^ ^ate oxide layer of 

em invention would resuh in an unacceptably high the Mos structur^ , „ , . 

I r • imrkc ^ As IS shown m FIG. 6(b) the multiple collectors of 

value of on impedance for the MOS switches. ^ . ^ - . • j • \. * *u vt 

A 4U «f «cc„,i«„ ♦i,o^ t\>^ lot^t. PNP transistor 114 are mterposed in between the N- 

Another method of assurmg that Ae latch-up oo^^^ ^ MOS transistor 16(a)inlhe P-well fonnedof N 

uon never occurs <teclosed ^ an a^t of the pr«^t This device, for UlustraUon. shown 

"^S- The product of the betas of PNP transistor 72 ^5 J^^^^ ^rain region 138 and gate 140. 

and NPN transKtor 74 .s made less than umty. Thus, the yhis device, for illustration, shown as 18(a) on FIG. 

current flowing betwe«i the anode termmal 80 and ^j,^ ^^^^ ^ ^^^^^ p^^. 

cathode tMminal 82 of the four layer device wiU never j^^g transistor 14(fl) formed of P region 128 and P 

reach a value great enough to equal tlie holding current • „ i„ this manner these multiple collectors 

necessary to sustam that device in its low impedance 3^ 130(a) through 130(^) are in a position to collect most of 

. ^ ^ t J the minority carriers which are injected into the semi- 

Refernng now to FIG. 6(5), another four layer de- conductor substrate as a result of forward biasing at 

vice 100 composed of equivalent NPN and PNP transis- start-up of the parasitic PN junctions formed during the 

tors is shown. However, unlike the circuit of FIG. 5(a) CMOS fabrication process. 

the four layer device depicted in FIG. 6(0), having 35 Depending on the CMOS process used, the number 

anode terminal 102 and cathode terminal 104, a single of multiple collectors 114 may range from 1 to approxi- 

collector NPN transistor 106 and a multiple collector n^^tely 10. Furthermore, the spacing between the mject- 

PNP transistor 108 as well as resistors 110 and 112. The j^g PN junction and the nearest P-well should be typi- 

multiple PNP collectors (shown at 114) are tied back to ^ally anywhere from 25 to 500 microns. Spacing may be 

the base of the PNP transistor 108. Only a single multi- 40 reduced if the lifetime of the substrate minority carriers 

pie collector is connected to the base of NPN transistor ^ particularly low and or the substrate resistivity is very 

106. These collectors 114 are fabricated on substrate 60 ]ow (less than one ohm-centimeter). In the presentiy 

in a region located between the emitter of NPN transis- preferred embodiment the spacing between the inject- 

tor 106 and the base of PNP transistor 108. jng pN junctions and the nearest P-well is approjd- 

The function of the serial collectors 114 is to guard 45 mately 150 microns and four multiple collectors 114 are 

the forward biased PN junction formed between P re- used. This is based upon a process using a substrate 

gions 128 or 138 and substrate 60 by collecting the having a substrate resistivity of approximately 2.5 ohm- 

minority carriers which are injected into the substrate cm. 

60. These carriers are thus prevented from reaching the Although the presentiy preferred embodiment has 

base of the PNP transistor 108 and assure that tiie beta 50 been disclosed as a P-well CMOS embodiment, those of 

product of these two transistors is less than unity. Most ordinary skill in the art will recognize that N-well 

of the minority carriers injected into the substrate are CMOS technology could also be used without depart- 

coUected by these serial collectors before they can dif- . ing from the spirit and scope of the present invention, 

fuse and be collected by the P-well which is also the Those of ordinary skill in the art will readily understand 

base of the NPN transistor. This may be designed to 55 from the disclosure herein how to fabricate such an 

reduce the PNP beta to a value of less than the recipro- N-well embodiment 

cal of the NPN beta thereby preventing latch-up. Referring now to FIG. 7, a block diagram of a pre- 
Referring now to FIG. 6(^), a semiconductor profile ferred embodiment of the present invention including 
drawing of four layer device 100 of FIG. €(a), NPN dual charge pump power supply 200, previously de- 
transistor 106 is formed in P-well 120. Contact 122, 60 scribed, RS-232C transmitter circuit 202, and RS-232 
contacting N region 124 in P-well 120, constitutes cath- receiver circuit 204. These elements are show diagram- 
ode 104 of four layer device 100. This N region may be matically as fabricated on a single piece of semiconduc- 
the source of either N-channel MOS transistor 16(a) or tor substrate material 206. Positive reservoir capacitor 
N-channel MOS transistor 32(a) from FIGS. 1 and 3. N 22 is shown connected to the semiconductor substrate 
region 124 forms the emitter of NPN transistor 106 and 65 via terminal pads 208 and 210. Negative reservoir ca- 
P-well 120 forms the base of NPN transistor 106. Sub- pacitor 34 is shown connected to the substrate via termi- 
strate 60 forms the collector of NPN transistor 106, as nal pads 208 and 212. Positive transfer capacitor 10 and 
well as the base of PNP transistor 112. negative transfer capacitor 24 are shown connected to 
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the substrate via terminal pads 214, 216, 218 and 220 

respectively. An input voltage is provided to the circuit 
at Vcc input terminal pad 222 and ground input termi- 
nal pad 224. Those of ordinary skill in the art will 
readily realize that ground input terminal 224 and tenni- 5 
nal pad 208 may in some embodiments be the same 
connection terminal pad. The data input to RS-232 
transmitter 202 is provided at terminal pad 226 and the 
output of RS-232 transmitter 202 is provided at terminal 
pad 228. The data input to RS'232 receiver 204 is pro- 10 
vided at terminal pad 230 and the data output of RS-232 
receiver 204 so provided at terminal pad 232. 

A monolithic integrated circuit containing the dual 
charge pump power supply 200 and RS-232 transmitter 
202 and receiver 204 may be fabricated as a monolithic 15 
integrated circuit. The only outboard components re- 
quired for operation of the circuit are positive and nega- 
tive reservoir capacitors 22 and 34 and the positive and 
negative transfer capacitors 10 and 24. 

While the preferred embodiment of FIG. 7 shows a 20 
single RS-232 transmitter 202 and a single RS-232 trans- 
mitter 204, those of ordinary skill in the art will readily 
recognize that other combinations of receivers and 
transmitters could be added without departing from the 
spirit of the invention. It is noted, however, that an 25 
embodiment of the circuit of FIG. 7 which contains 
only one or more RS-232 receivers 204, and no RS-232 
transmitters 202, does not require a negative power 
supply connection. This is because the negative swing 
of the RS-232 format signal is usually disregarded by 30 
the receiver circuitry. 

The RS-232 transmitter circuit 202, as well as the 
RS-232 receiver circuit 204 may be conventionally con- 
figured out of CMOS elements as is well known in the 
art. For example, RS-232 transmitter circuit 202 may be 35 
a CMOS inverter with a level shifter to translate TTL 
logic levels to the RS-232 format, as is known m the art. 
Alternatively, it may be configured similarly to the MC 
1488 circuit, manufactured by Motorola. RS-232 re- 
ceiver circuits 204 may be a CMOS inverter with a level 40 
shifter to translate the incoming RS-232 format signal to 
TTL logic levels as is known in the art Alternatively, it 
may be configured similarly to the MC 1489 circuit, 
manufactured by Motorola. 

A preferred embodiment of the present invention has 45 
been disclosed. Those of ordinary skill in the art will . 
readily recognize that other embodiments are possible 
which do not differ in material respects. It is the inten- 
tion of the inventors to include such embodiment within 
the scope of the appended claims. 50 

We claim: 

1. A circuit, integrable on a single piece of semicon- 
ductor substrate material, for providing a bipolar volt- 
age output at substantially double the voltage of a uni- 
polar voltage input source, including: 55 
first and second voltage input terminals, 
first and second positive transfer capacitor connec- 
tion terminals, 
a first set of MOS semiconductor switches for selec- 
tively connecting said first voltage input terminal 60 
to said first and second positive transfer capacitor 
connection terminal and said second voltage input 
terminal to said second positive transfer capacitor 
connection terminal, 
first and second positive reservoir capacitor connec- 65 

tion terminals, 
a second set of MOS semiconductor switches for 
selectively connecting said first voltage input ter- 



minal to said second positive transfer capacitor 
connection terminal and for selectively connecting 
said second voltage input terminal to said first posi- 
tive reservoir capacitor connection terminal and 
said first positive transfer capacitor connection 
terminal to said second positive reservoir capacitor 
connection terminal, 

first and second negative transfer capacitor connec- 
tion terminals, 

a third set of MOS semiconductor switches for selec- 
tively connecting said first positive reservoir ca- 
pacitor connection terminal to said first negative 
transfer capacitor connection terminal and said 
second positive reservoir capacitor connection 
terminal to said second negative transfer capacitor 
connection terminal, 

first and second negative reservoir capacitor connec- 
tion terminals, said first negative reservoir capaci- 
tor connection terminal connected to said first 
positive reservoir capacitor connection terminal, 

a fourth set of MOS semiconductor switches for se- 
lectively connecting said first negative transfer 
capacitor connection terminal to said second nega- 
tive reservoir capacitor connection terminal and 
second negative transfer capacitor connection ter- 
minal to said first negative reservoir capacitor con- 
nection terminal, 

selection circuitry for selectively activating said first, 
second, third and fourth sets of MOS semiconduc- 
tor switches, 

means for clamping said second positive reservoir 
capacitor terminal to a voltage no more negative 
than a voltage approximately equal to the voltage 
appearing on said first voltage input terminal, 

means for clamping said second negative reservoir 
capacitor to a voltage no more positive than a 
voltage approximately equal to the voltage appear- 
ing on said second voltage input terminal, 

means for inhibiting latch-up of forwiard biased four 
layer devices created as a result of layout of said 
circuit on a ^gle piece of semiconductor substrate 
material, 

at least one RS-232 transmitter circuit, disposed in 
said semiconductor substrate material, having po^- 
tive, negative and ground potential power conduc- 
tors connected to said second positive reservoir 
capacitor terminal, said second negative reservoir 
capacitor connection terminal, and said first posi- 
tive reservoir capacitor terminal, respectively, a 
data input connection terminal connected to said 
transmitter circuit for providing data to said trans- 
mitter, and a data output terminal connection for 
providing an output from said transmitter. 

2. A circuit, integrable on a single piece of semicon- 
ductor substrate material, for providing a bipolar volt- 
age output at substantially double the voltage of a uni- 
polar voltage input source, including: 

first and second voltage input terminals, 

first and second positive transfer capacitor connec- 
tion terminals, 

a first set of MOS semiconductor switches for selec- 
tively connecting said first voltage input terminal 
to said first and second positive transfer capacitor 
connection terminal and said second voltage input 
terminal to said second positive transfer capacitor 
connection terminal, 

first and second positive reservoir capacitor connec- 
tion terminals. 
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a second set of MOS semiconductor switches for 
selectively connecting said first voltage input ter- 
minal to said second positive transfer capacitor 
connection terminal and for selectively connecting 
said second voltage input terminal to said first posi- 5 
tive reservoir capacitor connection terminal and 
said first positive transfer capacitor connection 
terminal to said second positive reservoir capacitor 
connection terminal, 

first and second negative transfer capacitor connec- 10 
tion terminals, 

a third set of MOS semiconductor switches for selec- 
tively connecting said first positive reservoir ca- 
pacitor connection terminal to said first negative 
transfer capadtor connection terminal and said 15 
second positive reservoir capacitor connection 
terminal to said second negative transfer capacitor 
connection terminal, 

first and second negative reservoir capacitor connec- 
tion terminals, said first negative reservoir capaci- 20 
tor connection terminal connected to said first 
positive reservoir capacitor connection terminal, 

a fourth set of MOS semiconductor switches for se- 
lectively connecting said first negative transfer 
capacitor connection terminal to said second nega- 25 
tive reservoir capacitor connection terminal and 



second negative transfer capacitor connection ter- 
minal to said first negative reservoir capacitor con-, 
nection terminal, 
selection circuitry ifor selectively activating said first, 
second, third and fourth sets of MOS semiconduc- 
tor switches, 

means for clamping said second positive reservoir 
capacitor terminal to a voltage no more negative 
than a voltage approximately equal to the voltage 
appearing on said first voltage input terminal, 

means for clamping said second negative reservoir 
capacitor to a voltage no more positive than a 
voltage approximately equal to the voltage appear- 
ing on said second voltage input terminal, 

means for inhibiting latch-up of forward biased four 
layer devices created as a result of layout of said 
circuit on a single piece of semiconductor substrate 
material, 

at least one RS-232 receiver circuit disposed on said 
semiconductor substrate material, including posi- 
tive and ground power connection terminals con- 
nected to said first and second voltage input termi- 
nals and having a data input connection terminal 
and a data output connection terminal. 
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(57) ABSTRACT 

An apparatus and method for a DC-DC charge pump voltage 
converter-regulator circuit includes a control circuit, a mul- 
tiplier circuit, and a feedback circuit. The feedback circuit 
includes a load circuit, a comparator circuit, and a voltage 
reference circuit. The multiplier circuit produces an output 
signal by multiplying a supply signal according to a multi- 
plication factor. The output signal is communicated to the 
load circuit. The output signal is measured producing a sense 
signal. The voltage reference circuit produces a reference 
voltage. The control circuit regulates the output signal 
according the result of a comparison between the sense 
signal and the reference voltage. In one embodiment, the 
multiplication factor is adjusted to compensate for a change 
in the supply signal. The multiplication factor may be 
increased to compensate for a decrease in the supply signal. 
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METHOD AND APPARATUS FOR A 
DC-DC CHARGE PUMP VOLTAGE 
CONVERTER-REGULATOR CIRCUIT 

FIELD OF THE INVENTIQN 

The present invention relates generally to converter cir- 
cuits. More particularly, the present invention relates to a 
DC-DC charge pump voltage converter-regulator circuit. 

BACKGROUND OF THE INVENTION 

Many DC powered devices have subsystems that require 
a supply voltage higher than power supply can provide. For 
example, certain display devices that use liquid crystal 
technology require a relatively high voltage to operate. In 
these devices, the supply voltage is boosted in order to reach 
the required operating voltage. Various circuits may be used 
to do a DC-DC boost conversion of the supply vohage. 

One method to obtain a regulated supply voltage for 
subsystems is to use switched capacitors voltage muhipliers 
followed by a linear voltage regulator. The switched capaci- 
tors voltage multipliers multiply the supply voltage by a 
specified multiplication factor. For example, a supply volt- 
age of 5 volts may be multiplied by a multiplication factor 
of 2 to achieve an output vohage of 10 volts. The linear 
regulator can then regulate the output voltage at any voltage 
level 10 volts or less. 

SUMMARY OF THE INVENTION 

The present invention is directed to converter circuits. 
More particularly, the present invention relates to a DC-DC 
charge pump voltage converter-regulator. The converter- 
regulator of the present invention includes improved eflS- 
ciency by providing other forms of regulation for the output 
voltage. In one embodiment, the converter-regulator 
includes charge level control implemented by a flip-flop 
circuit. In a second embodiment, the control of the output 
voltage is implemented by a logic circuit. In a third 
embodiment, the control of the output voltage is imple- 
mented by an oscillator circuit. In a fourth embodiment, the 
control of the output voltage is implemented by multiplying 
the supply voltage according to a multipUcation factor 
dependent upon the level of the supply voltage. 

Briefly stated, an apparatus and method for a DC-DC 
charge pump voltage converter-regxilator circuit includes a 
control circuit, a multipUer circuit, and a feedback circuit. 
The feedback circuit includes a load circuit, a comparator 
circuit, and a voltage reference circuit. The multiplier circuit 
produces an output signal by multiplying a supply signal 
according to a multipUcation factor. The output signal is 
communicated to the load circuit. The output signal is 
measured producing a sense signal. The voltage reference 
circuit produces a reference voltage. The control circuit 
regulates the output signal according the result of a com- 
parison between the sense signal and the reference voltage. 
In one embodiment, the multiplication factor is adjusted to 
compensate for a change in the supply signal. The multipli- 
cation factor may be increased to compensate for a decrease 
in the supply signal. 

A more complete appreciation of the present invention 
and its improvements can be obtained by reference to the 
accompanying drawings, which are briefly summarized 
below, to the following detailed description of illustrative 
embodiments of the invention, and to the appended claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram illustrating an exemplary 
converter-regulator circuit; 
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FIG. 2 is a schematic diagram illustrating another 
embodiment for the exemplary voltage converter-regulator 
circuit; 

FIG. 3 is a schematic diagram iUustrating yet another 
5 embodiment for the exemplary voltage converter-regulator 
circuit; 

FIG. 4 is a schematic diagram illustrating yet another 
embodiment for the exemplary voltage converter-regulator 
circuit; 

FIG. 5 is a schematic diagram illustrating yet another 
embodiment for the exemplary voltage converter-regulator 
circuit; and 

FIG. 6 is a schematic diagram illustrating an exemplary 
J J logic circuit for the voltage converter-regulator circuit 
shown in FIG. 5, in accordance with the present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

2Q In the following detailed description of exemplary 
embodiments of the invention, reference is made to the 
accompanied drawings, which form a part hereof, and which 
is shown by way of iUustralion, specific exemplary embodi- 
ments of which the invention may be practiced. These 

2^ embodiments are described in sufGcient detail to enable 
those skilled in the art to practice the invention, and it is to 
be understood that other embodiments may be utilized, and 
other changes may be made, without departing from the 
spirit or scope of the present invention. The foUowing 
detailed description is, therefore, not to be taken in a limiting 
sense, and the scope of the present invention is defined only 
by the appended claims. 

Throughout the specification, and in the claims, the term 
^'connected" means a direct electrical connection between 

35 the things that are connected, without any intermediary 
devices. The term "coupled" means either a direct electrical 
connection between the things that are connected, or an 
indirect connection through one or more passive or active 
intermediary devices. The term "circuit" means one or more 

40 passive and/or active components that are arranged to coop- 
erate with one another to provide a desired function. The 
term "signal" means at least one current signal, voltage 
signal or data signal. The meaning of "a", "an", and "the" 
include plural references. The meaning of "in" includes "in" 

45 and "on". 

The present invention generaUy relates to a voltage 
converter-regulator for boosting and regulating an supply 
voltage. The regulated output voltage of the voltage 
converter-regulator may then be used with subsystems that 

50 require high supply voltages. The voltage converter- 
regulator has improved efficiency when used in conjunction 
with a battery cell. The voltage converter-regulator mini- 
mizes the use of additional circuitry for controlhng a high 
voltage condition when the battery cell is fully charged. 

55 For example, a typical supply voltage from a battery cell 
is in a range of 2 . . . 4.2V. The range depends on whether 
the battery cell is fully charged. If a subsystem requires a 
supply voltage 12V, then the supply vohage is boosted to 
supply the 12V. In previous configurations, x6 voltage 

60 mullipUer may be iised to produce at least a 12V supply 
voltage for the range of supply voltages. The x6 multiplier 
delivers 12 . . , 25.2V depending on the chaige level of the 
battery cell. A linear regulator may then used to limit the 
output voltage to 12V for the fiill range of supply voltages. 

65 However, this results in 15.2V drop in the voltage when the 
battery cell is fiilly charged. Effectiveness of the configura- 
tion in this example is therefore (12/25.2)100»47.6%. In 
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addition, the circuitry involved in boosting and regulating converter-regulator circuit (200) includes a flip-flop circuit 

the signal is required to handle high voltages of approxi- (210), a comparator circuit (Cmp), a load circuit represented 

mately 25.2V. by a resistor (Rl), a multiplier circuit (220), and a voltage 

In the present invention, the supply voltage (Vdd) is reference circuit (\ai) pe multiplier drcuit (220) m^^ 

boosted to an output voltage (Vout) that has a voltage level 5 seven ^tch circuits (S1-S7) and four capaaUnce circuits 

corresponding to a reference voltage (VreQ. Tlie supply ^^l;^*^- ^ P°Y'«'^ ''"PP'J' circuit (PS) represented by a 

voltagr(Vdd) is boosted until it ^ clamped to a target ^""fS** 

voltage level, minimizing the circuitry needed for high . The voltage converter-regulator circuit (200) operates 

voltage conditions. The output voltage (Vout) is then regu- *|°"'"l.y "'""^^e converter-regulator cu-cuit (100) 

lated at the target voltage, where the target voltage lepre- lO ^hown m FIG. 1. The power supply circuit (PS) produces a 

sents the desired supply voltage of a given subsystem. ^"PPly ^o^'^f^ (^d'') ""^^ '° i*"^ P'*^^°' 

, . . . J. .„ . , embodiment, the seven switch circuits (S1-S7) control the 

RG. 1 LS a schematic diagram illustrating an exemplary ^onnecUon of the four capacitance circuits (C1^4) in 

voltage converter-regulator circuit in accordance with the ^ ^^^^^j f^^^ ^^^^^ circuits SI, S3; S5, 

present invention. TTie vohage converter-re^^^^ 37 connection of each capacitance circuit 

(100) mcludes a control circuit (102) a voltage multiplier (ci_C4) between being coupled to node Nl and another 

circuit (104) and a feedback circuit (120) The feedback ^^^^^^ respectively. Switch circuits S2, S4, S6 also 

'''' load circuit (106) a comparator connection of capacitance circuits C2-C4 

circuit (108), and a voltage reference arcuit (110). ^^^^^^ ^^p,^ ^ ^^^^ ^^^.^^j ^^^^ 

The control circuit (102) produces a control signal (ctl) at another node (N2-N4) respectively. The switch circuits 

node Nl in response to an supply voltage (Vdd), a clock (S1-S7) are in one of two possible positions: position 1 

signal (elk), and a feedback signal (fdb). The voUage mul- during a first interval and position 2 during a second interval. 

tipUer circuh (104) produces the output vohage (Vout) at ^^en the switch circuits (Sl^T) are in position 1, the 

node N2 and an optional sense signal (sns2) at node N3 in capacitance circuits (C1-C4) are coupled in parallel between 

response to the supply voltage (Vdd) and the control signa ^1 and the ground terminal (GND). Each capacitance 

ctl)^ TTie load circuit (106) produces an output ^ose signal ^^^^-^ (ci_c4) charges exponentially at a rate dependent 

(snsl) m response to the output voltage (Vout). The voltage capacitance circuits (C1-C4) and the 

reference circuit (110) produces a voltage reference signal j y ^^^^ ^PS) ^ non-inverting 

( Vref) at node N6 The comparator circuit (108) produces ^ j^e comparator circuit (Cmp) is coupled to node N6. 

the feedback si^al at node N5 m response to the reference 3^ ^h^ comparator circuit (Cmp) also includes an inverting 

signal (Vrep and the either an output sense signal (snsl) or ^^p^^ ^ ^^^^^ ^^^^g^ ^^^^^^^ ^.^^^.^ 

the optional sense signal (sns2). ^^^tp^^ ^^^^pl^j ^ ^j^^ .^^p^^ ^ -p.g^p ^^^^^ 

In operation, the voltage converter-regulator circuit (100) (210). The comparator circuit (Cmp) compares the voltage 

produces an output voltage (Vout) that corresponds to the level at node N6 with a reference voltage (Vref) produced by 

reference voltage (Vref). The output voltage (Vout) may 35 the voltage reference circuit (VR). The comparator circuit 

correspond to the reference vohage (Vref) through a multi- (Cmp) produces a clear signal when the charge on the 

plication factor "n", or another relationship. Also, the output capacitance circuits (C1-C4) reaches a voltage level corre- 

voltage (Vout) may be calculated from either the output sponding to the reference voltage (Vref). The flip-flop circuit 

sense signal (snsl) or the optional sense signal (sns2). The (210) receives the clear signal at a clear input. The flip-flop 

output sense signal (snsl) or the optional sense signal (sns2) 43 circuit (210) includes the clear input, a D input, a clock 

indicates that the level of the output voltage (Vout). A input, and two outputs (Q, Q'). The D input is coupled to 

comparison of the output sense signal (snsl) or the optional node Nl. The flip-flop circuit (210) produces the control 

sense signal (sns2) to the voltage reference signal (Vref) also signal (fc) with a high logic level (logic " 1") at the Q' output 

indicates the level of the output voltage (Vout) in compari- response to the clear signal at the next rising clock edge 

son to its target voltage, (i.e., Vref=snsl, or Vref=sns2, then 45 of the clock signal (elk). The switch circuits (S1-S7) switch 

Vout=target voltage) Therefore, the feedback signal (fdb) from position 1 to position 2 in response to the control signal 

indicates whether the output voltage (Vout) is substantially (fc). 

equal to its target voltage. ^j^^^ ^^^^^ ^^^-^^ (S^^T^ ^ p^g.^.^^ 2, the 
The voltage multiplier circuit (104) boosts the output capacitance circuits (C1-C4) are coupled in series between 
voltage (Vout) to reach its target voltage depending on the 50 the ground terminal (GND) and node N5. When series- 
potential of the feedback signal (fdb). When the feedback connected, the capacitance circuits (Cl-<:4) produce a 
signal (fdb) indicates that the output voltage (Vout) is below boosted output voltage (Vout) across the resistor (Rl). The 
its target voltage, the control circuit (102) actuates the output voltage (Vout) rises according a slope to reach an 
vohage multiplier circuit (104). When actuated, the voltage asymptotic voltage level that is approximately equal four- 
multiplier circuit (104) begins to increase the output voltage 55 times the supply voltage (Vdd). However, in the present 
(Vout) at the next puke of the clock signal (elk) until it embodiment, the output voltage (Vout) is clamped to a 
reaches its target voltage. The occurrence of the output voltage level that is approximately equal to four-times the 
voltage (Vout) reaching its target voltage is reflected in the reference voltage (Vref). The output voltage (Vout) in the 
potential of the feedback signal (fdb). When the output present embodiment is dependent upon the load. Therefore, 
voltage (Vout) reaches its target voltage, the control circuit 50 output voltage (Vout) is equal to four-times the reference 
(102) interrupts the voltage multiplier circuit (104) from voltage when the output current is approximately zero. In 
continuing to increase the output voltage (Vout) at the next another embodiment, a greater or fewer number of capaci- 
clock pulse. Therefore, the output voltage (Vout) is clamped tance circuits may be used. At the next clock edge of the 
to a target voltage and avoids a high voltage condition. clock signal (elk), the flip-flop circuit (210) changes states, 
RG. 2 is a schematic diagram illustrating another 65 flipping the control signal (fc) from a high logic level (logic 
embodiment for the exemplary voltage converter-regulator "1") to a low logic level (logic "0"). When the control signal 
circuit in accordance with the present invention. The voltage is at low logic level, the capacitance circuits (C1-C4) are 
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coanected in parallel and are charged by the power supply be used such that the output voltage (Vout) corresponds to 
circuit (PS). The switching process repeats such that the the reference voltage (Vref) according to another relation- 
output voltage (Vout) is substantially clamped to a prede- ship. When the output voltage (Vout) decreases below the 
termined voltage level based upon a multiple of the refer- predetermined voltage level, the logic circuit (310) flips the 
ence voltage. 5 control signal (fc) from a high l<^c level (logic " 1") to a low 

FIG. 3 is a schematic diagram illustrating another logic level (logic "0"). When the control signal is at low 

embodiment for the exemplary voltage converter-regulator logic level, the capacitance circuits (C1-C4) are connected 

circuit in accordance with the present invention. The voltage paraUel and are charged by the power supply circuit (PS), 

converter-regulator circuit (300) includes a logic circuit switching process repeats such that the output voltage 

(310), a comparator circuit (Cmp), a load arcuit represented jg (Vout) is substantially clamped to a predetermined voltage 

by two resistors (Rl, R2), seven a multiplier circuit (320), 1^^^! ^^^^ ^ multiple of the reference voltage. In this 

and a voltage reference circuit (VR). The muhiplier circuit embodiment, the vohage converter-regulator circuit (300) 

(320) includes seven switch circuits (S1-S7) and four ^^^^^^ ^^^^ Tl,^ dock pulse width is 

capacitance circuits (a-C4). A power supply circuit (PS) dependent on the output voltage (Vout), wherein the output 

represented by a voltage source, is also mcluded in FIG. 3. 15 voltage operates as a control signal. 

The voltage converter-regulator dicuit (300) operates advantage of the vohage converter-regulator circuit 

similarly to the volUge converter-regulator circuit (100) ^ ^^^^^ .^ -^^ ^ ^j^^le output voltage (Vout) for 

shown m FIG. 1. Tlie Power supply circuit (PS) produces a ^^^^^ embodiment, 

supply voltage at node NL In the present embodiment the ^ ^^^^^ ^^^^ ^^i^^^ be used instead of 

seven switch circum(Sl-S7) control the connection of the 20 ^sistore Rl and R2 along with a clocked synchronous 

four capacitance circuits (C1-C4) in response to a control comparator to provide additional effectiveness. In yet 

signal (fc). Switch circuits SI, S3, S5 S7 change the ^^^^^^ embodiment, control may be implemented by sldp- 

connection of each capaatance circuit (a-C4) between ^ ^j^^^ ^^.^^^ ^^ modulation for 

being coupled to node Nl and another node (N2-N5) tolerance. 

respectively. Switch circuits S2, S4, S6 also change the 75 ... ... r.,.^^ . .. 

connection of capacitance circuits C2-C4 between being J° embodiment the logic circuit (310) is dlustrated as 

coupled to a ground terminal (GND) and another node a NOR gate. In another embodiment, a different logic circuit 

(N2-N4) respectively. The switch circuits (S1^7) are in or combmation of logic circuits may be used without depart- 

one of two possible positions: position 1 and position 2. P^^^^ P^^^^°^ mvention. 

When the switch circuits (S1^7) are in position 1, the 30 ^ schematic diagram illustrating another 
capacitance circuits (C1-C4) are coupled in parallel between embodiment for the exemplary voltage converter-regulator 
node Nl and the ground terminal (GND). Each capacitance ^^^^^ ^ accordance with the present invention. The voltage 
circuit (C1-C4) charges exponentiaUy at a rate dependent converter-regulator circuit (400) includes an oscillator cir- 
upon the size of the capacitance circuits (C1-C4) and the ^uit (410), a comparator circuit (Cmp), a load circuit rep- 
type of power supply circuit (PS) used. A non-inverting 35 resented by two resistors (Rl, R2), a multipUer circuit (420), 
input of the comparator circuit (Cmp) is coupled to node N6. » voltage reference circuit (VR). The multiplier circuit 
The comparator circuit (Cmp) also includes an inverting (^20) includes seven switch circuits (S1-S7) and four 
input that is coupled to the voltage reference circuit (VR) capacitance circuits (C1-C4). A power supply circuit (PS) 
and an output coupled to a first input of the logic circuit represented by a voltage source, is also included in FIG. 4. 
(310). The comparator circuit (Cmp) compares the voltage 40 The voltage converter-regulator circuit (400) operates 
level at node N6 with a reference voltage (Vref) produced by similarly to the voltage converter-regulator circuit (300) 
the voltage reference circuit (VR). The comparator circuit shown in FIG. 3. The vohage converter-regulator circuit 
(Cmp) produces feedback signal when output voltage (400) includes a controlled oscillator circuit (410) in place of 
reaches a predetermined voltage level corresponding to the the logic circuit (310) shown in FIG. 3. The voltage 
reference voltage (Vref). The logic circuit (310) receives the 45 converter-regulator circuit (400) has a high efl&ciency and 
feedback signal at the first input. The logic circuit (310) fast dynamic response to load current changes. The fast 
includes the first input, a second input, and an output. The dynamic response results in a low output voltage ripple, 
second input receives a clock signal (elk) from a clock signal Clock pulses used in other embodiments that require a clock 
generator (not shown). The logic circuit (310) produces the signal are skipped when load current is low and the output 
control signal (fc) with a high logic level (logic "1") at the 50 voltage (Vout) decreases slowly in the present embodiment. 
Q* output in response to the clear signal at the next rising The skipped pulses result in a low switching frequency and 
clock edge of the clock signal (elk). The switch circuits low circuit power consumption. The lower frequency and 
(S1-S7) switch from position 1 to position 2 in response to power consumption result in a high efiSciency. The oscillator 
the control signal (fc). circuit (410) frequency may be selected at a maximum 

When the switch circuits (S1-S7) are in position 2, the 55 frequency according to the capacitors used and the switch 
capacitance circuits (C1-C4) are coupled in series between resistance associated with each switch circuit (S1-S7) for 
the ground terminal (GND) and node N5. When series- better dynamic performance of the voluge converter- 
connected, the capacitance circuits (C1-C4) produce a regulator circuit (400). In addition, the oscillator circuit 
boosted output voltage (Vout) across the load circuit (RL). (410) operates to track the frequency of power supply circuit 
The output voltage (Vout) rises according a slope to reach an 60 (PS) and the ambient temperature, extending the operation 
asymptotic voltage level that is approximately equal four- of ihe voltage converter-regulator circuit (400). 
times the supply voltage (Vdd). However, in the present FIG. 5 is a schematic diagram illustrating another 
embodiment, the output voltage (Vout) is clamped to a embodiment for the exemplary voltage converter-regulator 
voltage level that corresponds to the reference voltage circuit in accordance with die present invention. The voltage 
(Vref). In this embodiment, the output voltage (Vout) of the 65 converter-regulator circuit (500) includes an ADC/logic 
voltage converter-regulator circuit (300) equals to Vref-(R1+ circuit (510), a comparator circuit (Cmp), a load circuit 
R2)/R2. In another embodiment, another configuration may represented by two resistors (Rl, R2), two multiplier circuits 
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(520, 530), four switch circuits (S16-nS19), a voltage refer- that is provided at node Nx, a supply signal (Vdd) that is 

ence circuit (VR), a resistance circuit (R,v/^a/)» capaci- provided at node Nl, a clock signal (elk) produced at node 

tance circuit (Qj^^/). The multiplier circuits (520, 530) N8, and a feedback signal (fdb) that is provided at node N7. 

include fifteen switch circuits (51^15) and eight capaci- The supply voltage (Vdd) is produced by the power supply 

tance circuits (C1-C8). 5 circuit (PS). The clock signal (elk) is produced by a clock 

The power supply circuit (PS) is coupled between a power signal generator (not shown). The feedback signal (fdb) is 

supply node (Nl) and a ground terminal (GND). The resis- produced by the comparator circuit (Cmp) in response to a 

tance circuit (Ri^gJ) ^ coupled between the power supply comparison of a sense signal (snsl) to a reference signal 

node (Nl) and node Nx. The capacitance circuit (C,^^^;) is (Vref). The sense signal (snsl) is a voltage level that 

coupled between node Nx and a ground terminal (GI^). In corresponds to a measurement of the output voltage (Vout) 

multiplier circuit 520, capacitance circuits C1-C4 of are of the voltage converter-regulator circuit (500). The refer- 

coupled between the ground terminal (GND) and the power ence signal (Vref) is produced by the voltage reference 

supply node (Nl) when switch circuits SI— S7 are in a firet circuit (VR). 

position, hereinafter referred to as position 1. Capacitance When switch circuits S1-S15 are in position 1, the 

circuits C1-C4 are coupled between the ground terminal capacitance circuits (C1-C8) are coupled in parallel between 

(GND), node N2, node N3, node N4, and node N9 respec- ^^e power supply node (Nl) and the ground terminal (GND). 

tively (i.e., capacitance circuit C2 is coupled between node Switch circuits S1-S15 remain in position 1 until the capaci- 

N2 and node N3) when switch circuits S1^7 are in a second ^^"^'^l (Cl-CS) charge to a predetermined voltage 

position, hereinafter referred to as position 2. capacitance circuits (C1-C8) are charged to 

, I,. i. e^rt * * r>c r-o c 1°® predetermined voltage level, a select number of the 

In multipher circuit 530, capacitance circuits C5-C8 of u • /oi o-inf J ^ . j . , 

are coupled between the ground terminal (GND) and the '° '"^'f^ """f^f (fl-SW) may be actuated to produce a 

power supply node (Nl) when switch circuits 88^15 are in "^zT"'"' ^"^"^^^ ^^"'"^ ''''"^ ^"""^ 

position 1. Capacitance circuits C5-C8 are coupled between / , j. . , . . / x . 

node N9, node NIO, node Nil, node N12, and node N5 , '° embodiment, the power supply circuit (PS) is a 

respectively (i.e., capacitance circuit C7 is coupled between „ battery cell that produces different supply voltage (Vdd) 

node Nil and node N12) when switch circuits S1-S7 are in dependmg upon the level of charge present m the 

position 2 battery cell. For instance, the supply voltage (Vdd) may be 

c t, ■ CI ic CIO 1 J u J xTff at a low voltage level when the battery cell is substantially 

Switch circuits S16-S18 are coupled between node N5 j. . j j . • . » i l t . .t . 

and nodes Nl N12 respectively. Switch circuit S19 is discharged and a high voltage level when the battery ceU is 

coupled between the power supply node (Nl) and node N5. 30 ^"^^T"^^^ charged For example, the supply voltage 

Resistor Rl is coupled between node N5 and node N6. (Y^d) ^ay range from 2V to 4V. or over some other range 

Resistor R2 is coupled between node N6 and the ground °^ ^^"^'^f 7* /'^"^'^ f V'l P'"^"' 

terminal (GND). The comparator circuit (Cmp) includes a einbodiment compensates for the degradation of the supply 

non-inverting input coupled to node N6, an inverting input voltage (Vdd) by multiplying the supply voltages by a range 

coupled to the voltage reference circuit (VR), and an outjut 35 f •»'^''Pl'f*''0° ^T^i?' ^^PP^y y°l'»8«^;° *"ange 

1 j» J KTT %u */ffiA\- 1 J froni 2V to 4V, the followmg exemplary table (table 1) 

coupled to node N7. The AD C/logic circuit (510) includes a -n * . ti , r t. • w »• r . 

c ♦ • ♦ /Di\ ^ A * AM J • * /ivi\ *u * illustrates the affect of changing the multiplication factor on 

first mput (PI) coupled to node Nx, a second input (P2) that . u r\/ \ 

is coupled to the power supply node (Nl), a third input (P3) volUgQ (Vout). 
that is coupled to node N8, and a fourth input (P4) that is 

coupled to node N7. The ADC/logic circuit (510) includes 40 
three outputs (S1-S4) that control the positions of the switch 
circuits (S1^19). The ADC/logic circuit (510) is described 
in greater detail in FIG. 6. 

The voltage converter-regulator circuit (500) operates 

similarly to the voltage converter-regulator circuit (300) 45 

shown in FIG. 3. However, voUage converter-regulator From exemplary Table 1, it can be observed that the 

circuit (500) includes a second multiplier circuit 530. The output voltage (Vout) does not reach a voltage level beyond 

power supply circuit (PS) produces a supply voltage (Vdd) 20V. The present invention operates to avoid a high voltage 

at node Nl. Switch circuits S1-S15 switch between a first condition by limiting the output voltage (Vout) to lower 

position, position 1, and a second position, position 2. 50 voltages. 

Switch circuits S16-S19 are either open or closed. Switch The multiplication factor (n) changes in response to a 

circuits S1-S7 are actuated in response to a first control change in the supply voltage (Vdd) to maintain a predeter- 

signal (fc). Switch circuits S8-S15 are actuated in response mined voltage level for the output voltage (Vout). The 

to control signals sf<3:0>. Switch circuits S8 and S9 are multiplication factor (n) is dependent on the number and size 

actuated in response to control signal sf<0>. Switch circuits 55 of the capacitance circuits (C1-C8) that are coupled together 

SIO and Sll are actuated in response to control signal sf<l>. in series when the capacitance circuits are discharged to the 

Switch circuits S12 and S13 are actuated in response to load circuit (Rl, R2). 

control signal sf<2>. Switch circuits S14 and S15 are The first multiplier circuit (520) of the voltage converter- 
actuated in response to control signal sf<3>. Switch circuits regulator (500) multiplies the supply voltage (Vdd) by a 
S16-^19 are actuated in response to control signals sl<3:0>. 60 muhiplication factor of 4 when capacitance circuits C1-C4 
Switch circuit 16 is actuated in response to control signal are coupled together in series. Each additional capacitance 
sl<l>. Switch circuit 17 is actuated in response to control circuit (C5-C8) that is coupled in series with capacitance 
signal sl<2>. Switch circuit 18 is actuated in response to circuits C1-C4 of the second multiplier circuit (530) 
control signal sl<3>. Switch circuit 19 is actuated in increases the multiplication factor (n) by 1. The switch 
response to control signal sl<0>. 55 circuits (S1^19) are selectively actuated to either include or 
The control signals (fc,sl<3:0>,sf<3:0>) are produced by exclude the capacitance circuits (C5-C8) of the second 
the ADC/logic circuit (510) in response to a reset signal (rsb) multiplier circuit (530). 



TABLE 1 



Vdd 


<2.3 V 


2.3-2.6 V 


2.6-3.2 V 


3.2-4 V 


>4 V 


n 


8 


7 


6 


5 


4 


Vout 


<18.4 V 


16-18.2 V 


15.6-19.2 V 


16-20 V 


>16 V 
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In a first example, the voltage cooverter-regulator circuit 
(500) is configured to multiply the supply voltage (Vdd) by 
a multiplication factor of 4. For this example, switch circuits 
S16-^18 are open, switch circuit S19 is closed, and switch 
circuits S1-S7 are switched from position 1 to position 2 in 5 
response to the clock signal (elk) (i.e., at the next rising 
edge). Switch circuits S8-^15 are maintained in position 1. 
When switch circuits are switched from position 1 to posi- 
tion 2, the sum of the voltage levels for capacitance circuits 
C1-C4 may be observed across the resistors Rl and R2. lO 
With equal-sized and sufl5ciently large capacitance circuits 
C1-C4, the output voltage (Vout) across resistors Rl and R2 
is proportional to four times the supply voltage (Vdd). 

In a second example, the voltage converter-regulator 
circuit (500) is configured to multiply the supply voltage 
(Vdd) by a multiplication factor of 5. For this example, 
switch circuit S16 is closed, switch circuits S17-S19 are 
open, and switch circuits S1-S9 are switched from position 
1 to position 2 in response to the clock signal (elk). Switch 
circuits S10-S15 are maintained in position 1. When switch 
circuits S1-S9 are switched from position 1 to position 2, the 
sum of the voltage levels for capacitance circuits C1-C5 
may be observed across the resistors Rl and R2. 

In a third example, the voltage converter-regulator circuit 
(500) is configured to multiply the supply voltage (Vdd) by 
a multiplication factor of 6. For this example, switch circuit 
S17 is closed, switch circuits S16, S18, and S19 are open, 
and switch circuits Sl-SU are switched from position 1 to 
position 2 in response to the clock signal (elk). Switch 
circuits 512^15 are maintained in position 1. When switch 
circuits Sl-Sl are switched from position 1 to position 2, the 
sum of the voltage levels for capacitance circuits C1-C6 
may be observed across the resistors Rl and R2. 

In a fourth example, the voltage converter-regulator cir- 
cuit (500) is configured to multiply the supply voltage (Vdd) 
by a multiplication factor of 7. For this example, switch 
circuit S18 is closed, switch circuits S16, S17, and SI 9 are 
open, and switch circuits S1-S13 are switched from position 
1 to position 2 in response to the clock signal (elk). Switch ^ 
circuits S14 and S15 are maintained in position 1. When 
switch circuits S1-S13 are switched from position 1 to 
position 2, the sum of the voltage levels for capacitance 
circuits C1-C7 may be observed across the resistors Rl and 
R2. 

In a fifth example, the voltage converter-regulator circuit 
(500) is configured to muUiply the supply voltage (Vdd) by 
a multiplication factor of 8. For this example, switch circuits 
S16-S19 are open, and switch circuits S1-S15 are switched 
from position 1 to position 2 in response to the clock signal 5q 
(elk). When switch circuits 81^15 are switched from 
position 1 to position 2, the sum of the voltage levels for 
capacitance circuits C1-C4 may be observed across the 
resistors Rl and R2. 

In other embodiments, an increased or decreased number 55 
of multiplier circuits or capacitance circuits may be used to 
increase or decrease the multiplication factor (n) available to 
the voltage converter-regulator circuit (500). 

FIG. 6 is a schematic diagram illustrating an exemplary 
logic circuit for the voltage converter-regulator circuit 60 
shown in FIG. 5. The logic circuit (510) includes five 
resistance circuits (R1-R5), four switch circuits (S1-S4), A 
comparator circuit (602), a voltage reference circuit (VR2), 
a bufifer circuit (604), five flip-flop circuits (606, 608, 610, 
612, 624), a clock generation circuit (614), five inverter 65 
circuits (622, 640fl-i/), four AND logic circuits (626, 
628a-c), and three XOR logic circuits (630a-c). 



45 



The resistance circuits (R1-R5) are coupled in a resis- 
tance ladder separated by nodes (N1-N5), or voltage tap 
points. Resistance circuit Rl is coupled between node Nl 
and node N2. Resistance circuit R2 is coupled between node 
N2 and node N3. Resistance circuit R3 is coupled between 
node N3 and node N4. Resistance circuit R4 is coupled 
between node N4 and node N5. Resistance circuit R5 is 
coupled between node N5 and a ground terminal (GND). 

TTie switch circuits (S1-S4) are coupled between node N6 
nodes N2-N5 respectively. The comparator circuit (602) 
includes a non-inverting input that is coupled to node N6, an 
inverting input that is coupled to node N7, and an output that 
is coupled to node N8. The voltage reference circuit (VR2) 
is coupled between node N7 and the ground terminal 
(GND). The clock generation circuit (614) includes a first 
input (PI) that is coupled to node N8, a second input (P2) 
that is coupled to the clock signal (elk) that is illustrated in 
FIG. 5, and an output (SI) that is coupled to node N9. The 
buffer circuit (604) is coupled between node NIO and the 
reset signal (rsb) that is illustrated in FIG. 5. 

In this embodiment, flip-flop circuits 606, 608, 610, and 
612 are bi-directional flip-flops circuits. Flip-flop circuit 606 
includes a first input (rsb) that is coupled to node NIO, a 
second input (il) that is coupled to the power supply node 
(VDD), a third input (ir) that is coupled to node N12, a 
fourth input (dr) that is coupled to node N8, a fifth input (elk) 
that is coupled to node N9, a first output (lou) that is coupled 
to node Nil, and a second output (rou). Flip-flop circuit 608 
includes a first input (rsb) that is coupled to node NIO, a 
second input (il) that is coupled to node Nil, a third input 
(ir) that is coupled to node N14, a fourth input (dr) that is 
coupled to node N8, a fifth input (elk) that is coupled to node 
N9, a first output (lou) that is coupled to node N13, and a 
second output (rou) that is coupled to node N12. Flip-flop 
circuit 610 includes a first input (rsb) that is coupled to node 
NIO, a second input (il) that is coupled to node N13, a third 
input (ir) that is coupled to node N16, a fourth input (dr) that 
is coupled to node N8, a fifth input (elk) that is coupled to 
node N9, a first output (lou) that is coupled to node N15, and 
a second output (rou) that is coupled to node N14. Flip-flop 
circuit 612 includes a first input (rsb) that is coupled to node 
NIO, a second input (il) that is coupled to node N15, a third 
input (ir) that is coupled to the ground terminal (GND), a 
fourth input (dr) that is coupled to node N8, a fifth input (elk) 
that is coupled to node N9, a first output (lou) that is coupled 
to node N17, and a second output (rou) that is coupled to 
node N16. 

Inverter circuit 622 is coupled between node N17 and the 
clock signal (elk) that is illustrated in FIG. 5. Flip-flop 
circuit 624 includes a first input (D) that is coupled to the 
feedback signal (fdb) that is illustrated in FIG. 5, a second 
input that is coupled to node N17, a first output (Q), and a 
second output (Q') that is coupled to node N18. AND logic 
circuit 626 includes a first input that is coupled to the clock 
signal (elk) that is illustrated in FIG. 5, a second input that 
is coupled to node N18, and an output that is coupled to node 
N19. AND logic circuits 628a-c each include a first input 
that is coupled to a corresponding one of signals rg<3:0> 
respectively, a second input that is couple to node N19, and 
an output that corresponds to signals sf<3:0> that are illus- 
trated in FIG. 5. 

XOR logic circuits 630a-c each include a first input that 
is coupled to signals rg<3:2> respectively, a second input 
that is coupled to a corresponding one of signals rg<2: 1> 
respectively, and an output that corresponds to one of signals 
slm<2: 1>. Inverter circuits 6iOa-d each include an input 
that is coupled to a corresponding one of signals rg<3:0> and 
an output that corresponds to one of signals sl<3:0> that are 
illustrated in FIG. 5. 
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In operation, the resistance circuits (R1-R5) form a Further, XOR logic circuits 630a--c produce control sig- 

vohage divider with multiple tap points. Each voltage tap nals slm<2:l> in response to control signals rg<3:2> and 

point corresponds to a particular potential related to the control signals rg<2:l> respectively. Signal slm<l> actuates 

supply voltage (Vdd). A potential is provided at node N6 switch circuit S3, while signal slm^> actuates switch 

when one or more of the switch circuits (S1-S4) are closed. 5 circuit S2. In the example provided, rg<0>, rg<l>, and 

Switch circuits S1-S4 are actuated in response to signals rg<3> are low logic levels and tg<2> is a high logic level, 

rg<3>, slm<2>, slm <1>, and sl<l> respectively. The com- resulting in slm<l> being a high logic level. Accordingly, 

parator circuit (602) produces a comparison signal (cmp) in switch circuit S3 is actuated, changing the potential at node 

response to the comparison of the potential at node N6 to the N6 to corre^ond to the reference voltage (Vre£2) given the 

reference voltage (VrefZ). Vref2 is produced by the refer- change in the supply voltage (Vdd). Switch circuits S1-S4 

ence voltage circuit (VR2). The clock generation circuit may be actuated to regulate the potential at node N6 as the 

(614) is arranged to produce a clock pulse signal (cpl) in supply voltage (Vdd) decreases. The multiplier may be 

response to the comparison signal (cmp) and the clock signal adjusted as the supply voltage (Vdd) changes when the 

(elk) that is illustrated in FIG. 5. potential at node N6 changes in response to the next 

Flip-flop circuits 606, 608, 610, and 612 are arranged to decrease in the supply voltage, 

operate as a shift register. Signal rsb operates as a reset Flip-flop circuit 624 produces an output (Q') in response 

signal for the shift register during power-up. The reset signal to the feedback signal (fdb) and the inverse of the clock 

(rsb) ensures that the shift register remains in a reset state signal (elk). The clock signal (elk) is inverted by inverter 

until a voltage determined by capacitance circuit Q^^^/is 622. When the feedback signal (fdb) is at a high logic level, 

reached. As the clock pulse signal (cpl) is applied to each the Q' output is a low logic level. The Q' output is a high 

flip-flop circuit (606, 608, 610, 612), a low logic level (logic 20 logic level when the feedback signal (fdb) is at a low logic 

"(?*) is shifted to the left or to the right in the shift register. level. The feedback signal (fdb) corresponds to the output 

The left input port (il) of the first flip-flop circuit (606) is voltage of the voltage converter-regulator circuit (500) 

coupled to the supply signal (VDD) such that a logic "0" is shown in FIG. 5. For example, the feedback signal (fdb) is 

shifted from the right to the left when the clock pulse signal a low logic level (logic "C) when the sense signal (sosl) is 

(cpl) is applied to the shift register. The right input port (ir) 25 less than reference voltage Vref shown in FIG. 5. The Q' 

of the last flip-flop circuit (612) is coupled to the ground output of flip-flop circuit 624 is set to a high logic level at 

terminal (GND) such that the logic "0" may be shifted back the next rising edge of the inverse of the clock signal (elk) 

from the left to the right when the clock pulse signal (cpl) is in response to the low logic level of the feedback signal 

applied to the shift register. The comparison signal (cmp) is (fdb). Control signal fc is produced by AND logic circuit 

applied to an input port (dr) of each flip-flop circuit (606, 30 ^^6 in response to the Q' output and the clock signal (elk). 

608, 610, 612). The shifting direction (right or left) of the The control signal (fc) actuates switch circuits S1^7 shown 

shift register is determined by the comparison signal. ^ ^1^, 5 as described above. Control signals sf<3:0> are 

Hie source voltage (Vdd) may decrease over time due to Pf^^^^^^ ^ ^^^^^ <^28a-< in response to 

voltage drain. A voltage drain may occur when the power ^^S"^^ ^ff ^> respecUvely and control signal fc Control 

source is a battery cell or some other voltage storing device. 35 ^"^^^ ^""^^^ ^^^^""^^^ ^^^^ ^^^^ illustrated 

For example, the source voltage (Vdd) may reach a potential m RG. 5 as descnbed above. 

(e.g., 3.9V) that indicates the source voltage (Vdd) is ^he above specification, examples and data provide a 

decreasing below its original potential (e.g., 4V). In the complete description of the manufacture and use of the 

present embodiment, switch circuit S4 is closed when the composition of the mvention. Smce many embodunents of 

source voltage (Vdd) has decreased slightly below its origi- 40 invention can be made without departing from the spirit 

nal potential. When the source voltage (Vdd) further scope of the invention, the invention resides in the 

decreases (e.g., to 3.2V), the potential at node N6 decreases. ^launs heremafter appended. 

The comparator circuit (602) detects when the potential at ' claim: 

node N6 decreases below reference voltage VrefZ. The ^ ^n apparatus for providmg an output signal from a 

comparison signal (cmp) transitions to a low logic level 45 ^^PP^^ ^^^nal that has an assoaated voltage level, the 

when the potential at node N6 decreases to a potential less apparatus compnsing: 

than reference voltage VrefZ. a control circuit that is configured to produce a control 

The shift register pushes a low logic level to the right in signal in response to the supply signal and a feedback 

response to the low logic level of the comparison signal sig^^l *at is associated with the output signal; 

(cmp) in response to the clock pulse signal (cpl) (i.e., at the 50 a first multiplier circuit receiving the control signal to 

next rising edge). As previously stated, switch 84 is closed, produce the output signal by multiplying the supply 

therefore control signal sl<l> is a high logic level. Control signal according to a first multiplication factor, wherein 

signal rg<l> is the inverse of control signal sl<l> and is ^^e first multiplication factor is adjusted to compensate 

therefore a low logic level. Correspondingly, the potential at a change in the supply signal; 

node N13 is a low logic level. Control signal rg<2> transi- 55 a second multiplier circuit that is selectively coupled to 

tions to a low logic level in response to a right directional the first multiplier circuit such that the first and second 

push of the low logic level at node N13 in the shift register. multiplier circuits produce the output signal in response 

As stated previously, inverter circuits 640fl-</ inverting to multiplying the supply signal by a second multipli- 

control signals rg<3:(h> to produce control signals sl<3:0>. cation factor when the second multiplier circuit is 

Control signal sl<2> is a high logic level and control signals 60 coupled to the first multiplier circuit, wherein the 

sl<0>, sl<l>, and sl<2> are low logic levels in response to second multiplication factor is greater than the first 

inverting signals rg<3:0>. Switch circuit S17 closes in multiplication factor when the supply signal decreases 

response to sl<2> and switch circuits S16, S18, and S19 arc below a predetermined level; 

open. In the present embodiment, a multiplication factor of the feedback circuit that is configured to provide a feed- 

6 results when switch circuit S17 is closed. The multiplica- 65 back signal in response to receiving the output signal, 

tion factor compensates for the decrease in the source wherein the control circuit provides regulation of the 

voltage as described above. output signal in response to the feedback signal. 
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2. An apparatus as in claim 1, wherein the control circxiit 
further comprises a logic circuit that is configured to pro- 
duce the control signal in response to the supply signal and 
the feedback signal. 

3. An apparatus as in claim 2, wherein the logic circuit 
further comprises a flip-flop circuit. 

4. An apparatus as in claim 1, wherein the control circuit 
further comprises an oscillator circuit that is configured to 
produce a clock signal in response to the feedback signal, 
wherein the control signal is responsive to the clock signal. 

5. An apparatus as in claim 1, wherein the control circuit 
further comprises an ADC/logic circuit that is configured to 
produce at least the control signal in response to the supply 
signal and the feedback signal. 

6. An apparatus as in claim 1, wherein the first and second 
multiplier circuits further comprising a multiplicity of 15 
capacitance circuits, wherein the multiplicity of capacitance 
circuits are coupled to the supply signal during a first 
interval, and a selected group of the multiplicity of capaci- 
tance circuits are coupled in series with one another during 
a second interval such that the second multiplication factor 
is related to the selected group of the multiplicity of capaci- 
tance circuits. 

7. An apparatus as in claim 1, the first multiplier circuit 
further comprising a multiplicity of capacitance circuits that 
are coupled to the supply signal during a first interval, and 
a selected group of the multiplicity of capacitance circuits 
that are coupled in series with one another during a second 
interval such that a second multiplication factor is related to 
the selected group of the multiplicity of capacitance circuits. 

8. An apparatus as in claim 1, the feedback circuit further 
comprising: 

a load circuit that is arranged to produce a sense signal in 

response to the output signal; 
a voltage reference circuit that is arranged to produce a 

reference voltage; and 
a comparator circuit that is configured to produce the 3^ 

feedback signal in response to a comparison between 

the reference voltage and the sense signal. 

9. An apparatus as in claim 1, wherein the output signal 
is regulated to a predetermined level that is related to a 
reference signal by comparing at least a portion of the output 40 
signal to the reference signal. 

10. A method for providing an output signal in response 
to a supply signal comprising: 

multiplying the supply signal according to a multiplica- 
tion factor to produce the output signal, wherein the 45 
multiplication factor is adjusted according to a prede- 
termined number of capacitance circuits that are selec- 
tively coupled in series to produce the output signal, 
and wherein the multiplication factor corresponds to 
first and second multiplication factors; 

measuring a sense signal that has a potential that is related 
to the output voltage; 

comparing the sense signal to a reference signal; 

regulating the output signal using a control circuit, 
wherein the output signal is regulated in response to the 
comparison of the sense signal to the reference signal; 
and 

adjusting the first and second multiplication factors to 
compensate for a change in the supply signal such that 
the second multiplication factor is greater than the first 
multiplication factor when the supply signal decreases 
below a predetermined level. 
U. A method as in claim 10, further comprising adjusting 
the multiplication factor according to the potential of the 
supply signal. 

L2. A method as in claim 10, wherein multiplying the 65 
supply signal further comprises coupling the predetermined 
number of capacitance circuits to the supply signal during a 
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first interval and coupling the predetermined number of 
capacitance circuits in series during a second interval. 

13. A method as in claim 12, further comprising coupling 
additional capacitance circuits to the supply signal during 
the first interval and coupling additional capacitance circuits 
in series with the predetermined number of capacitance 
circuits during the second interval to adjust the multiplica- 
tion factor. 

14. A method as in claim 10, further comprising adjusting 
the multiplication factor in response to the supply signal, 
wherein the multiplication factor is increased when the 
supply voltage decreases below a predetermined voltage 
level. 

15. A method as in claim 14, the step of adjusting the 
multiplication factor further comprising coupling capaci- 
tance circuits in parallel to the supply signal such that the 
capacitance circuits are charged during a first interval, 
coupling a selected number of the capacitance circuits in 
series with one another during a second interval such that an 
output signal is provided by the selected number of capaci- 
tance circuits. 

16. A method as in claim 15, the step of regulating the 
output signal further comprising adjusting at least one of the 
first and second intervals such that the output signal is 
maintained above a predetermined threshold level. 

17. An apparatus for providing an output signal in 
response to a supply signal, comprising: 

a means for multiplying that is arranged to multiply the 
supply signal according to a multiplication factor to 
produce the output signal, wherein the multiplication 
factor is adjusted according to a predetermined number 
of capacitance circuits selectively coupled in series to 
produce the output signal, and wherein the multiplica- 
tion factor corresponds to first and second multiplica- 
tion factors; 

a means for measuring that is arranged to measure a sense 
signal that has a potential related to the output voltage; 

a means for comparing that is arranged to compare the 
sense signal to a reference signal; 

a means for regulating coupled to the means for multi- 
plying to regulate the output signal using a control 
circuit, wherein the output signal is regulated in 
response to the comparison of the sense signal to 
reference signal; and 

a means for adjusting that is arranged to adjust the first 
and second multiplication factors to compensate for a 
change in the supply signal such that the second 
multiplication factor is greater than the first multipli- 
cation factor when the supply signal decreases below a 
predetermined level. 

18. An apparatus for providing an output signal from a 
supply signal that has an associated voltage level, the 
apparatus comprising: 

a control circuit comprising an ADC/logic circuit that is 
configured to produce a control signal in response to 
the supply signal and a feedback signal that is associ- 
ated with the output singal; 

a first multiplier circuit receiving the control signal to 
produce the output signal by multiplying the supply 
signal according to a first multiplication factor, wherein 
the first multiplication factor is adjusted to compensate 
for a change in the supply signal; and 

a feedback circuit that is configured to provide a feedback 
signal in response to receiving (be output signal, 
wherein the control circuit provides regulation of the 
output signal in response to the feedback signal. 
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ABSTRACT 



A circuit for providing a control voltage to a switch includes 
a capacitor, a first pair of switches for coupling the capacitor 
to an input voltage source and a second pair of switches for 
coupling the capacitor to the switch. The first pair of 
switches is controlled by a control signal in response to the 
voltage across the capacitor in order to prevent overcharging 
the capacitor beyond a first predetermined level. The second 
pair of switches is controlled by a second control signal in 
response to the voltage across the switch in order to replen- 
ish the capacitor voltage when the capacitor voltage falls to 
a second predetermined level. The first and second pairs of 
switches are closed during non-overlapping time intervals in 
order to isolate the switch from the input voltage source, 
thereby preventing switching transients from affecting the 
input voltage source and permitting the circuit to be used to 
drive a variety of switch types arranged in a variety of 
configurations. 

14 Clahns, 9 Drawing Sheets 
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CIRCUIT PROVIDING A CONTROL 
VOLTAGE TO A SWITCH AND INCLUDING 
A CAPACITOR 

CROSS-REFERENCE TO RELAI ED 
APPUCAHONS 

Not applicable. 

STATEMENT REGARDING FEDERALLY 
FUNDED RESEARCH 

Not applicable. 

BACKGROUND OF THE INVENTION 

Transistors are commonly used as the switching device in 
circuits supplying a load which requires a switching source, 
such as power supplies, motor drivers, amplifiers, etc. Such 
circuits may utilize one or more transistors of various types, 
such as Metal Oxide Field Effect Transistors (MOSFETs, or 
simply FETs) or Insulated Gate Bipolar Transistors (IGBTs), 
arranged in various topologies. The voltage across the 
transistor may be fixed or unknown, depending on the 
particular topology. 

The control voltage necessary to drive a particular switch 
is a function of the switch type and topology. For example, 
the control, or gate voltage necessary to drive a high current, 
power FET must present a predetermined differential volt- 
age across the gate and source terminals of the FET, such as 
on the order of 10 volts. More particularly, in an N-channel 
FET, the gate vohage must be brought to approximately 10 
volts higher than the source voltage and in a P-channcl FET, 
the gate voltage must be brought to approximately 10 volts 
lower than the source voltage. The absolute value of the 
control voltage may be as low as 10 volts in the case of 
driving a "low side" FET in which the source terminal is 
coupled to ground or may be an unknown voltage in the case 
of driving a "high side" FET or floating low side FET in 
which the source terminal is at an unknown voltage. 

Various circuits are used to provide switch control volt- 
age. One such circuit is referred to as a "bootstrap" circuit 
and is most commonly used to drive FETs in applications in 
which the source voltage is unknown. The voltage across a 
bootstrap capacitor coupled between an input voltage source 
and the source terminal of the FET rises as the source 
voltage rises and thus, provides a voltage which is at a 
predetermined level higher than the source voltage. 
However, since the bootstrap circuit does not provide any 
isolation between the bootstrap voltage and the input voltage 
source, current and voltage transients caused by the switch- 
ing FET can affect the input voltage source. 

A charge pump, which generates an output voltage in 
response to a lower input voltage, is sometimes used to 
provide the necessary FET gate drive voltage. However, like 
the bootstrap circuit, the charge pump does not provide any 
isolation between the input voltage source and the power 
switch. 

Pulse transformers can be used to provide isolation 
between the input voltage source and the power switch, in 
order to prevent transients from affecting the input voltage 
source. However, pulse transformers can be expensive and 
bulky. 

SUMMARY OF THE INVENTION 

It is an object of the present invention to provide a circuit 
for generating a control voltage for switches arranged in 
various configurations. 
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It is a fuxther object to provide a circuit for generating a 
switch control voltage which provides isolation between an 
input voltage source and the switch without the use of a 
transformer. 

5 These and other objects of the invention are achieved with 
a circuit including a capacitor, a first pair of switches 
adapted to coupled the capacitor to an input voltage source 
dming a first time interval, and a second pair of switches 
adapted to couple the capacitor to a control terminal of a 

10 switch during a second time interval which is nonoverlap- 
ping with respect to the first time interval. The voltage across 
the capacitor provides a predetermined differential voltage 
which is independent of the input voltage or any other fixed 
voltage. 

With this arrangement, the circuit can be used to provide 
drive switches arranged in various configurations, including 
high side switches and floating low side switches, in which 
cases a terminal of the switch is at an unknown, or floating 
voltage. Also, the above-described circuit provides isolation 
between the input voltage source and the switch, thereby 
advantageously preventing current and voltage transients 
from affecting the input voltage source. 

A control circuit provides a first control signal to each of 
the first pair of switches in response to the voltage across the 
^ capacitor and a second control signal to each of the second 
pair of switches in response to the voltage across the switch. 
In one embodiment, a first comparator has a first input 
terminal coupled to the capacitor, a second input terminal 
coupled to a threshold voltage, and an output terminal at 
which an output signal is provided to the control circuit. The 
output signal is indicative of whether or not the voltage 
across the capacitor is greater than a predetermined level and 
the first control signal causes the first pair of switches to 
open when the voltage across the capacitor is greater than 
the predetermined level. In this way, the first pair of switches 
is opened to prevent the capacitor from charging to a voltage 
that is too high to safely drive the switch. 

A second comparator has a first input terminal coupled to 
^ the control terminal of the switch, a second input terminal 
coupled to the reference terminal of the switch, and an 
output terminal coupled to the control circuit at which an 
output signal is provided. The output signal of the second 
comparator is indicative of whether or not the voltage across 
the switch is less than a predetermined level and the second 
control signal provided by the control circuit causes the 
second pair of switches to open when the voltage across the 
control and reference terminals of the switch is less than the 
predetermined level. In this way, charge on the capacitor is 
replenished to keep the capacitor voltage above a minimum 
level necessary to fully enhance the switch. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing features of this invention, as well as the 
invention itself, may be more fully understood from the 
following description of the drawings in which: 

FIG. 1 is a block diagram of a circuit including a control 
voltage circuit for generating a control voltage for a switch 
according to the invention; 

FIG. 2 is a more detailed block diagram of the circuit of 
FIG. 1; 

FIG. 3 is a block diagram of an illustrative integrated 
circuit incorporating the control voltage circuit of FIG. 2; 

FIG. 3 A is a schematic of the switch capacitor charge 
65 circuit of FIG. 3; 

FIG. 4 is a schematic of an illustrative resonant converter 
utilizing four integrated circuits of the type shown in FIG. 3; 
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FIG. 5 is a schematic of a Buck converter utilizing the 
circuit of FIG. 3; 

FIG. 5A is a schematic of a boost converter utilizing the 
circuit of HG. 3; 

FIG. 5B is a schematic of a Buck-boost convener utilizing ^ 
the circuit of FIG. 3; 

FIG. 5C is a schematic of a flyback converter utilizing the 
circuit of FIG. 3; 

FIG. 5D is a schematic of a forward converter utilizing the jq 
circuit of FIG. 3; and 

FIG. 5E is a schematic of a half -bridge converter utilizing 
the circuit of FIG. 3. 

DETAILED DESCRIPTION OF THE 15 
INVENTION 

Referring to FIG. 1, a circuit 10 includes a switch 14 
having a conu-ol terminal 14a, an input terminal I4b, and a 
reference terminal 14c, a load 18 coupled to the switch, an 
input voltage source 28, and a control voltage circuit 20 for 
generating a control voltage for the switch. The control 
voltage generated by the circuit 20 is coupled to a drive 
circuit 24 which provides the necessary current to turn the 
switch 14 on and off 

25 

The switch 14 and load 18 may take various forms for 
various applications. As examples, the switch 14 may be a 
power transistor, such as a FET or IGBT, and the load 18 
may be the output section of a power supply or a motor. In 
the illustrative embodiment, the circuit 10 is a switch-mode ^ 
power supply used in automotive applications and the input 
voltage source 28 is provided by a battery providing a 
voltage between 14 and 42 volts DC. 

Hie control voltage circuit 20 of the present invention is 
suitable for driving switches arranged in various topologies, 
as will be described below in conjunction with FIGS. 4 and 
5-SE. As examples, the control voltage circuit may be used 
to drive switches of a resonant converter as shown in FIG. 
4, a Buck converter as shown in FIG. 5, a boost converter as 
shown in FIG. 5A, a Buck-boost converter as shown in FIG. ^ 
5B, a flyback converter as shown in FIG. 5C, or a forward 
converter as shown in FIG. 5D. Further, more than one 
control voltage circuit 20 may be used in a given application 
to drive respective switches, as in the case of the resonant 
converter of FIG. 4 and the half-bridge circuit of FIG. 5E. 45 
Thus, the control voltage circuit 20 can be considered 
"imiversar* in its suitability for driving switches arranged 
various topologies. 

The controlled switch 14 may be a *'high side" switch or 
a "low side" switch. A high side switch is one in which a 50 
terminal of the switch is coupled to the positive terminal of 
a voltage source. For example, switch 14 shown in FIG. 1 is 
a high side switch since its input terminal 14^ is coupled to 
the positive terminal of the input voltage source 28. A low 
side switch is one in which a terminal of the switch is 55 
coupled to the negative terminal of a voltage source. For 
example, switch 286 of the flyback circuit 280 of FIG. 5C is 
a low side switch since its source terminal is coupled to the 
negative terminal of the input voltage source 28. When 
providing a control voltage to a high side switch, a prcdc- ^0 
termined voltage is required across the control and reference 
terminals; whereas, when providing a control vohage to a 
low side switch, a predetermined voltage is required across 
the input and control terminals. 

In the illustrative embodiment of FIG. 1, the switch 14 is 65 
a power FET and, more particularly, is a N-type FET. Thus, 
the control terminal 14a of the switch is a gate terminal, the 
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input terminal 146 is a drain terminal, the reference terminal 
14c is a source terminal, and the gate terminal 14^ must be 
brought to at least a predetermined voltage above the 
reference terminal 14c in order to turn on the switch. 
Alternatively however, the switch may be an P-type FET, in 
which case the gate terminal 14a must be brought to at least 
a predetennined voltage below the reference terminal 14c in 
order to turn on the switch. In applications in which the 
switch 14 is a FET, the control voltage circuit 20 may be 
referred to as a gate drive voltage circuit and the drive circuit 
24 may be referred to as a gate drive circuit. 

The control voltage source circuit 20 inchides a capacitor 
30, a first pair of switches 34, 36 adapted to couple the 
capacitor to the input voltage source 28 during a first time 
interval, and a second pair of switches 40, 42 adapted to 
couple the capacitor to the drive circuit 24 during a second 
time interval which is non-overlapping with respect to the 
first time interval. With this arrangement, the control voltage 
circuit 20 provides a voltage to the gate drive circuit 24 
which is isolated from the input voltage source 28. Thus, 
current and voltage transients caused by the switching action 
of the switch 14 are prevented from affecting the input 
voltage source 28. 

A control circuit 22 provides control signals to the 
switches 34, 36, 40, and 42 to open and close the switches, 
as wiU be discussed. In general, the first pair of switches 34, 
36 is opened to de-couple the capacitor 30 from the input 
voltage source 28 when the voltage across the capacitor 
exceeds a predetermined level and the second pair of 
switches 40, 42 is opened to de-couple the capacitor from 
the drive circuit 24 when the voltage across the control and 
reference tenninals 14a, 14c of the switch 14 falls below a 
second predetermined level. In this way, charge on the 
capacitor is replenished when the capacitor voltage falls 
below the second predetermined level in order to ensure full 
enhancement of the switch and the voltage applied to the 
switch is limited to the first predetermined level in order to 
prevent exceeding the Vgs rating of the switch. 

Referring also to FIG. 2, a more detailed schematic of the 
circuit 10 of FIG. 1 is shown to include the switch 14, the 
input voltage source 28, the load 18, the drive circuit 24, and 
the control voltage source circuit 20. The drive circuit 24 
includes an output driver 54 responsive to a control signal 
26. The control signal 26 is provided by a controller 50 (not 
shown) which may take various forms, such as a conven- 
tional pulse-width moduhtion (PWM) controller. The con- 
trol signal 26 is indicative of the output current or voltage of 
the load 18 and causes the duty cycle of the switch 14 to be 
adjusted so as to maintain the desired output current or 
voltage. The illustrative output driver 54 includes a pair of 
series-coupled FETs 58, 60 capable of providing the neces- 
sary source current to drive the gate terminal 14a of the FET 
14, respectively, through a resistor 16. The resistor 16 is 
selected to control the slew rate of the FET 14. 

Each of the switches 34, 36, 40, and 42 of the control 
voltage source circuit 20 may be implemented in various 
ways. In the illustrative embodiment, each such switch is 
comprised of a pair of series-coupled, commonly controlled 
FETs. Illustrative switch 34, for example, includes PMOS 
FET 70 coupled in series with PMOS FET 72. Each of the 
FETs 70, 72 has an intrinsic diode 76, 78, respectively, 
coupled as shown. The gate terminals of the FETs 70, 72 are 
responsive to a control signal 80 provided by the control 
circuit 22. Switches 36, 40, and 42 have like FETs 70, 72 
with intrinsic diodes 76,78, as shown. Each of the switches 
34, 36 is responsive to a control signal 80 and each of the 
switches 40, 42 is responsive to a control signal 82, as 
shown. 



us 6,559,689 Bl 

5 6 

Alteraalively, the switches 34 and 40 may be imple- There is a fixed time interval between opening the first 

mented with diodes and the switches 36, 42 with the pair of switches 34, 36 and closing the second pair of 

illustrated series-coupled FETs. More particularly, switch 34 switches 40, 42. Likewise, there is a fixed lime interval 

may be replaced by a diode having an anode coupled to the between opening the second pair of switches 40, 42 and 

positive terminal of the input voltage source 28 and a 5 dosing the first pair of switches 34, 36. The manner in which 

cathode coupled to the positive terminal of the capacitor 30. t^e fixed dead times are selected as well as the relationship 

Switdi 40 may be replaced by a diode having an anode between the dead times and the charging and discharging 

coupled to the positive terminal of the capacitor and a ^^^^^ capacitor depends upon the particular appUca- 

cathode coupled to the dnvc circuit 24. ^^^^ ^p^^it^^ ^^^^^ ^^3^ ^^^^^1 ^^^^ 

Hie control circuit 22 is responsive to an output signal g^te capacity of the FET that flying capacitor drives. Ten 

from a comparator 100 for providing the control signal 80 to ^^^^^ ^ ^ ^ypi^ai ratio, however other ratios may also be 
switches 34 and 36 in order to open the switches 34, 36 and 

de-oouple the capacitor 30 from the input voltage source 28 i. r .1. .11. -.in u • 

. T . *^ J J ^ Much of the control voltage circuit 20 may be incorpo- 

when the voltage across the capacitor exceeds a predeter- .... i -.i. - • . . j • a 1 

• J .u u ij 1 1 Ti- J . • J *i- u ij 1 1 • rated mto a monolithic mtegrated circuit. As one example, 
mined threshold level. The predetermmed threshold level is , . • j wu- .u j ^ i- u / 

^, ... . , . , 1^ the components contained within the dotted line boundary 

set by the threshold voltage applied to an input terminal .u r.u .in J 

* .u . inn 1^ a. . iiift u c * 120 m FIG. 2 with the excepUon of the capacitor 30 may be 
of the comparator 100. Thus, the comparator 100 has a first • , , . . » j -u u j -u j «. 

. . r , t J . .u J • . provided on an integrated circuit, as will be described further 

mput terminal coupled to the capacitor 30, a second input f . i-.r- n u • . j 

, . . • * 1. ij 1* *r J ID conjunction with FIG. 3. Oi course, it will be appreciated 

terminal responsive to the threshold voltage V^i, and an u fa- un • .u . . • 

. • 1 . u- u • 1- -i J . by those of ordmary skill in the art that many variations to 

output termmal at which an output signal js provided to the »u • * * j • •* ui ■ 1 j- u- c 

» 1 • -^i Tn- . * • 1 r . . 20 the integrated circuit 120 are possible, including which 

control circuit 22. The output signal of the comparator is " . . . . j j .1. .1. . 

- J- ^ . ^. . ^ . • components are mtegrated and the connections that are 

mdicative of whether the voltage across the capacitor 30 is jovided at externall accessible ins 

greater or less than the thre^old voltage. In the illustrative V^^^^ ^ ®x ^^d^ y accessi e pms. 

embodiment, the threshold voltage V^, is set to approxi- Referrmg also to FIG. 3, one embodiment of a portion of 

mately 14 volts. With this arrangement, the capacitor 30 is „ integrated circuit 120 to be used in a complete switch 

prevented from charging to a voltage greater than approxi- ^^^^^ ^^^^^g^ ^^^^^^^ ^ example, it should be 

mately 14 volts. The threshold voltage is selected in order to appreciated that neither the connection to the pm 120/i 

protect the gate to source junction of the switch 14 by associated with the driver circuit 54 (FIG. 2) nor the 

preventing application of a voltage of greater than the Vgs connection to the gate drive output pin 120g (FIG. 3A) is 

rating of the switch explicitly shown in FIG. 3. Given the description provided 

nie control circuit 22 is further responsive to an output ^ *^^[f^"' ^7,^^^^' ^^^"^^ ^" 
signal from a second comparator 110 for providing the understand how to make such connecUons. 
control signal 82 to switches 40 and 42 in order to open the Integrated circuit 120 includes a pin 120o coupled to 
switches and de-couple the capacitor 30 from the gate and a switch capacitor charge drcuit 122 which is shown in FIG. 
source terminals of the switch 14, via the drive circuit 24, 35 3A to include the first pair of switches 34, 36, the second pair 
when the voluge across the switch falls below a second of switches 40, 42, the comparators 100, 110 and control 
predetermined threshold level The comparator 110 has circuit 22. The pin is further coupled to a resistor 126, as 
a first input terminal coupled to the gate terminal 14fl of the shown. External to the integrated circuit 120, the V, pin is 
switch 14, a second input terminal coupled to the source adapted for coupling to the positive tenminal of the input 
terminal 14c of the switch 14, and an output terminal at 40 voltage source 28 (HG. 2). The resistor 126 couples power 
which an output signal is provided to the control circuit 22. ^ an intemal buffer 130 and to the interconnected gate 
The output signal of the comparator 110 is indicative of terminals of the output driver switches 58 and 60, as shown, 
whether the voltage across the gate and source terminals of An INPUT pin 120Z) to the integrated circuit 120 is 
the switch is less than the second threshold voltage V^2* adapted for coupling to an external controller which pro- 
comparator 110 could be provided as a differential amplifier 45 duces a feedback, or control signal, such as a PWM signal 
and comparator combination. In the illustrative 26 (FIG. 2). The PWM signal is internally coupled to the 
embodiment, the threshold voltage is set to approxi- buffer 130 having an output coupled to a level shifting 
mately 10 volts. With this arrangement, the drive circuit 24 transistor 132, as shown, llie buffer 130 can be disabled in 
and thus the gate and source terminals of the switch 14 are response to a logic low fault signal coupled to a FAULT/ 
supplied with a predetermined minimum voltage necessary so ENABLE pin 120c. Various fault conditions may be moni- 
to friUy enhance the switch 14. tored external to the integrated circuit 120 and used to 

The switching frequency of the switch 14 is a function of provide the fault signal to the FAULT/ENABLE pin. Alter- 

the particular components and application. Switches 34, 36, natively or additionally, fault conditions may be monitored 

40 and 42 may be operated synchronously or asynchro- on the chip 120, for example with a thermal shutdown circuit 

nously with respect to the switdi 14. 55 136 and/or with a power on/reset (FOR) circuit 138. The 

As noted above, the control signal 80 coupled to the first POR circuit holds the chip output off untU power to the chip 

pair of switches 34, 36 and the control signal 82 coupled to is within a predetermined range. In operation, either a power 

the second pair of switches 40, 42 are non-overlapping. With on/reset, over temperature, or other fault indicating condi- 

this arrangement, the input voltage source 28 is isolated disables the buffer 130 thereby disabling the GATE 

from the switch 14, thereby preventing switching transients 60 DRIVE OUTPUT pin 120^ of the chip. This is achieved by 

from affecting the input voltage source. Further, it is because pulling the output signal of the buffer 130 low to turn off the 

of this isolation that the circuit 20 is able to supply the level shifting transistor 132 and the output driver 54. When 

necessary control voltage to switches arranged in various °o fault or disable conditions exist, the output of the buffer 

topologies. That is, since the supplied voltage is not refer- 130 controls the output driver 54 through transistor 132. 

enced to any particular potential, it can be used to provide 65 A CAP LO pin 120e of the chip is adapted for coupling 

a control voltage to a high side switch or to a floating low to the positive terminal of the external capacitor 30 (FIG. 2) 

side switch. and a CAP III pin 12C{f is adapted for coupling to the 
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negative terminal of the capacitor 30. The voltage provided and the INPUT pin 120Z> is responsive to a feedback signal 

by the circuit 20 at terminals 20fl and 20b (FIG. 1) is 126, such as from a PWM controller (not shown). The gate 

provided across the GATE DRIVE OUTPUT pin 120g and drive signal is coupled to the gale terminal 202a and source 

the SOURCE pin 120^1 of the chip 120. terminal 202c of the switch 202 via a GATE DRIVE 

Referring to FIG. 4, a resonant converter 150 is shown to 5 OUTPUT pin 120g and a SOURCE pio 120A, respectively, 

include two integrated circuits 120 of the type shown in FIG. as shown. 

3. The resonant converter 150 includes power transistors 152 In operation, when the transistor 202 conducts, energy is 

and 154 coupled in series, with the interconnection between transferred directly from the input voltage source V^ through 

the power transistors coupled to the resonating capacitor 158 the transistor 202 and inductor 206, to the output capacitor 

and transformer primary winding 160a, as shown. The lO and resistor 220, 212, respectively. During non-conduction 

transformer secondary 160b is coupled to synchronous rec- of the switch 202, current flows through the diode 208 and 

tifiers 162 and 164 having interconnected terminals at which is thereby transferred from the inductor 206 to the output 

the output voltage V^of the converter 150 is provided. Each capacitor 210 and resistor 212. The conduction time inter- 

of the resonant switches 152 and 154 is controlled by an vals of the switch 202 are governed by the PWM control 

integrated circuit 120 of the type shown in FIG. 3. The 15 signal 126. 

illustrative resonant converter 150 is a 500 Watt, DC-DC The transistor 202 is a high side transistor. ^Fhus, the 

converter having an input voltage V, on the order of 42 volts voltage at its source terminal 202c varies between the input 

and providing an output voltage V^ on the order of 12 volts voltage of V, to near ground. The circuit 120 provides a 

with a switching frequency on the order of 500 KHz. predetermined voltage differential between the gate terminal 

More particularly, each of the power switches 152 and 202fl and the source terminal 202c which is isolated from 

154 is controlled by an integrated circuit 120, 120', any known or reference potential, such as ground, 

respectively, which is responsive to an input voltage source FIG. 5A shows the integrated circuit 120 used in a boost 

V^ as shown. An input signal 126 provided by a pulse width converter 230. The boost converter 230 includes a low side 

modulator controller 172 is coupled to an INPUT pin 120t switch 232. In this application, the circuit 120 provides the 

of the integrated circuits 120 and 120', as shown. The gate ^ gate drive signal via pin \20g to the gate terminal of low side 

drive signal provided at pin 120g of integrated circuits 120 switch 232 and the SOURCE pin 120/i of circuit 120 is 

and 120' is coupled to the gale tenninal of the respective coupled to the drain terminal of the low side sv^dtch, as 

power switch 152 and 154 through resistors 182 and 184, shown, since it is the drain terminal of the switch 232 which 

respectively, as shown. "floats," 

In the illustrative resonant converter 150, both integrated '^^ In operation, when the switch 232 does not conduct, 

circuits 120, and 120' (referred to collectively as integrated energy is transferred through the inductor 238 and diode 240 

circuits 120) have interconnected FAULT/ENABLE pins to the output capacitor 242. During intervals of conduction 

120c. \^th this arrangement, a fauh condition detected by of the switch 232, the charge on the output capacitor 242 

any of the integrated circuits 120 causes aU of the integrated supplies the converter output voltage V^. 

circuits 120 and thus, the entire circuit 150, to shut down. FIG. 5B shows the circuit 120 in use in a Buck-boost 

In operation, power switches 152 and 154 operate asyn- converter 250 having a power switch 254 responsive to a 

chronously to generate the output voltage V^. More gate drive signal provided at pin 120g of the circuit 120. The 

particularly, during a first half cycle, power switch 152 is SOURCE pin 120/i of circuit 120 is connected to the source 

closed causing charge to be tran^erred directly through the ^ terminal of the high-side NMOS switch 254. Thus, similar 

transformer 160 to the converter output V^; whereas, during to the converter of FIG. 1, in the Buck-boost converter of 

a second half cycle, the charge stored in the capacitor 158 FIG. 5B, the circuit 120 controls a high-side switch baviog 

and transformer winding 160/z is transferred to the second- a floating source terminal. 

ary I60b and also back through the primary 160fl via In operation, charge is transferred to the inductor 256 

conducting power switch 154. during intervals of conduction of the power switch 254 and 

As is apparent from consideration of the resonant con- is transferred from the inductor 256 to the output capacitor 

verterl50of FIG. 4, the control voltage circuit implemented 260 during intervals of non-conduction of the primary 

by integrated circuits 120 is capable of generating an iso- switch 254. 

lated control voltage for driving a high side switch 152, a Referring also to FIG. 5C, the integrated circuit 120 is in 

low side switch 154, and output switches 162 and 164, as 50 use in a flyback converter 280 in which the gate drive signal 

shown. provided at pin 120A of the chip 120 is coupled to the gate 

Referring also to FIG. 5, a Buck, or step-down converter terminal of power switch 286 and the SOURCE pin 120g of 

200 is shown to include a power transistor 202 and a load the circuit 120 is coupled to the drain terminal of the power 

204. The Budc converter 200 converts an input voltage V^ switch 286, as shown, since it is the drain tenninal of the 

to a lower output voltage V^. The load 204 includes an 55 power switch which "floats." 

inductor 206, a diode 208, a capacitor 210, and a resistor 212 In operation, charge is transferred from the primary 

across which the output voltage V^ is provided. winding of the transformer 282 to the output capacitor 290 

An integrated circuit 120 of the type shown in FIG. 3 during intervals of conduction of the power switch 286 and 

supplies the necessary gate drive signal to the power tran- is transferred from the storage capacitor 290 to the output V^ 

sistor 202. To this end, the circuit 120 has a V, pin 120fl 60 during intervals of non-conduction of the primary switch, 

coupled to the positive terminal of the input voltage source Further examples of applications for the switch control 

V^ a GND pin 120^ coupled to the negative terminal of the voltage circuit of the present invention are shown in FIGS, 

input voltage source, a CAP HI pin \20f for coupling to the 5D and 5E. In particular, FIG. SD shows the circuit 120 in 

positive terminal of an external capacitor 220 and a CAP LO use in a forward converter 300 in which the primary switch 

pin 120^ for coupling to the negative tenninal of the external 65 304 is an NMOS switch receiving a gate drive signal from 

capacitor 220, as shown. A FAULT/ENABLE pin 120c is pin 120g of the chip 120 and having the SOURCE pin I20h 

provided for receiving an external fault/enable signal 124 of the chip 120 coupled to the floating drain terminal of the 
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power switch 504. FIG. 5E shows two integrated circuits 
120 in use in a half-bridge converter. Each of the circuits 120 
provides a gate drive signal to a respective switch 354, 358 
in order to implement asynchronous operation of the 
switches. 

It will be appreciated by those of ordinary skill in the art 
that the converter topologies shown in FIGS. 4 and 5-5E are 
illustrative only and that the switch control voltage circuit 20 
of FIG. 1 alone, or in an integrated circuit implementation 
120 (FIG- 3), may be used in a variety of circuit topologies 
beyond those shown herein. 

Having described the preferred embodiments of the 
invention, it will now become apparent to one of ordinary 
skill in the art that other embodiments incorporating their 
concq)ts may be used. 

It is felt therefore that these embodiments should not be 
limited to disclosed embodiments but rather should be 
limited only by the spirit and scope of the appended claims. 
All publications and references cited herein are expressly 
incorporated herein by reference in their entirety. 

What is claimed is: 

1. A circuit for generating a control voltage across a pair 
of output terminals for controlling a switch having an input 
terminal, a reference terminal, and a control terminal, said 
circuit comprising: 

a capacitor; 

a first pair of switches adapted to couple said capacitor to 
an input voltage source during a first time interval; 

a second pair of switches adapted to couple said capacitor ^ 
to said pair of output terminals during a second time 
interval, non -overlapping with respect to said first time 
interval; and 

a control circuit providing a first control signal to said first 
pair of switches in response to the voltage across said 
capacitor and providing a second control signal to said 
second pair of switches. 

2. The circuit of claim 1 wherein said switch is a tran- 
sistor. 

3. The circuit of claim 2 wherein said transistor is one of ^ 
a FET and an IGBT 

4. The circuit of claim 1 wherein said second control 
signal is provided in response to the voltage across terminals 
of said switch. 

5- A circuit for generating a control voltage across a pair 
of output terminals for controlling a switch having an input 
terminal, a reference terminal, and a control terminal, said 
circuit comprising: 

a capacitor; 

a first pair of switches adapted to couple said capacitor to 
an input voltage source during a first time interval; 

a second pair of switches adapted to couple said capacitor 
to said pair of output terminals during a second lime 
interval, non-overlapping with respect to said first time 
interval; 

a control circuit providing a first control signal to said first 
pair of switches in response to the voltage across said 
capacitor and providing a second control signal to said 
second pair of switches, wherein said second control 
signal is provided in response to the voltage across 
terminals of said switch; and 

a first comparator having a first input terminal coupled to 
said capacitor, a second input terminal coupled to a 
threshold voltage, and an output terminal coupled to 
said control circuit at which an output signal is 
provided, wherein said output signal is indicative of 
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whether or not the voltage across said capacitor is 
greater than a predetermined level and wherein said 
first control signal provided by said control circuit 
causes said first pair of switches to open when said 
voltage across said capacitor is greater than said pre- 
determined level. 

6. The circuit of claim 5 further comprising a second 
comparator having a first input terminal coupled to said 
control terminal of said switch, a second input terminal 
coupled to said reference terminal of said switch, and an 
output terminal coupled to said control circuit at which an 
output signal is provided, wherein said output signal is 
indicative of whether or not the voltage across said control 
and reference terminals of said switch is less than a second 
predetermined level and wherein said second control signal 
provided by said control circuit causes said second pair of 
switches to open when said voltage across said control and 
reference terminals of said switch is less than the second 
predetermined level. 

7. The circuit of claim 1 wherein each of said first and 
second pairs of switches comprises either a diode and a FET 
or a pair of FETs. 

8. A circuit responsive to an input voltage source and for 
providing the gate drive voltage to a gate drive circuit, said 
gate drive circuit adapted for biasing the gate terminal of a 
transistor further having a source terminal and a drain 
terminal, said circuit comprising: 

a capacitor having a first terminal and a second terminal; 

a first switch coupled between a first terminal of said input 
voltage source and a first terminal of said capacitor; 

a second switch coupled between a second terminal of 
said input voltage source and a second terminal of said 
capacitor, wherein said first and second switches are 
closed during a first time interval to charge said capaci- 
tor; 

a third switch coupled between said first terminal of said 
capacitor and said gate drive circuit; 

a fourth switch coupled between said second terminal of 
said capacitor and said gate drive circuit, wherein said 
third and fourth switches are closed during a second 
time interval to transfer charge from said capacitor to 
said gate drive circuit, and wherein said first and second 
time intervals do not overlap; 

a control circuit for providing a first control signal to said 
first switch and a second control signal to said second 
switch in response to the voUage across said capacitor 
and for providing a third control signal to said third 
switch and a fourth control signal to said fourth switch 
in response to the voltage across the gate and source 
terminals of said transistor; and 

a first comparator having a first input terminal coupled to 
said first terminal of said capacitor, a second input 
terminal coupled to a threshold voltage, and an output 
terminal coupled to said control circuit at which an 
output signal is provided, wherein said output signal is 
indicative of whether or not the voltage across said 
capacitor is greater than a predetermined level and 
wherein said first and second control signals provided 
by said control circuit cause said first and second 
switches to open when said voltage across said capaci- 
tor is greater than said predetermined level. 

9. The circuit of claim 8 further comprising a second 
comparator having a first input terminal coupled to said gate 
terminal of said transistor, a second input terminal coupled 
to said source terminal of said transistor, and an output 
terminal coupled to said control circuit at which an output 
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signal is provided, wherein said output signal is indicative of 
whether or not the voltage across said gate and source 
terminals of said transistor is less than a second predeter- 
mined level and wherein said third and fourth control signals 
provided by said control circuit cause said third and fourth 
switches to open when said voltage across said gate and 
source terminals of said transistor is less than the second 
predetermined level. 
10. A circuit comprising: 

a transistor having a gate terminal receiving a control 
signal from a gate drive circuit, a source terminal, and 
a drain terminal; 

a load coupled to one of said source terminal and said 
drain terminal of said transistor, the other of said source 
terminal and said drain terminal coupled to an input 
voltage source; and 

a gate drive voltage circuit responsive to said input 
voltage source for providing a gate drive voltage to said 
gate drive circuit, said gate drive voltage circuit com- 
prising: 
a capaciton 
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a first pair of switches adapted to couple said capacitor 
to said input to voltage source during a first time 
interval; and 

a second pair of switches adapted to couple said 
capacitor to said gate drive circuit during a second 
time interval, non-overlapping with respect to said 
first time interval. 

11. The circuit of claim 10 wherein said load is one of a 
switch-mode power supply and a motor. 

12. The circuit of claim 10 wherein said load has one of 
the following topologies: a Buck converter, a boost 
converter, a Buck-boost converter, a forward converter, a 
flyback converter, and a resonant converter. 

13. The circuit of claim 10 wherein said transistor is a 
high-side switch having said drain terminal coupled to said 
input voltage source. 

14. The circuit of claim 10 wherein said transistor is a 
low-side switch having said source terminal coupled to a 
predetermined reference voltage. 
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(57) ABSTRACT 

An integrated semiconductor circuit has a potential detector 
for detecting a potential boosted by a high voltage generator. 
One terminal of a first capacitor is connected to a potential 
detection terminal via a first switching device, the other 
terminal thereof being connected to a reference potential 
terminal. A terminal of a second capacitor is connected, via 
a second switching device, to a first node at which the first 
switching device and the first capacitor are connected, the 
other terminal thereof being connected to the reference 
potential terminal. A third switch is connected between a 
second node at which the second switching device and the 
second capacitor are connected and the reference potential 
terminal. A clock generator generates clock signals to simul- 
taneously and periodically imn on the first and the third 
switching devices whereas tura on the second switch peri- 
odically in an opposite timing for the first and the third 
switching devices. A comparator compares a potential at the 
second node with a reference potential and outputs a detec- 
tion signal when a potential at the potential detection ter- 
minal reaches a predetermined potential. 
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POTENTIAL DETECTOR AND capacitance to the resistors. This results in a large delay of 

SEMICONDUCTOR INTEGRATED CIRCUIT change in output potential of the high voltage generator, and 

further a large delay time required for the output potential to 
be transferred to the input terminal of the comparator CMP. 

CROSS REFERENCE TO RELATED 5 change in output potential of the high voltage generator 

APPLICATJONS illustrated in FIG. 3C does not have an abrupt potential 

This application claims benefit of priority under 35USC increase such as shown in FIG. 3B, however, exhibits a slow 

§119 to Japanese Patent Application No. 2000-153660 filed response. This also results in unstably un-converted poten- 

on May 24, 2000 in Japan and Japanese Patent Application tial output. 

No. 2001-149496 filed on May 18, 2001 in Japan, the entire 10 

contents of which are incorporated by reference herein. SUMMARY OF THE INVENTION 

BACKGROUND OF THE INVENTION A purpose of the present invention is to provide a potential 

detector integrated on a small area and capable of stable 

The present invention relates to a potential detector to potential detection while consuming a small power 

detect an electric potential output from a high vohage 15 ^^^^^^ ^^^^^ ^^^^^^^ ^ ^ 

generator, etc., that has reached a certam level m a semi- semiconductor integrated circuit with the potential detector 

conductor mtegrated circuit. ^^^^^ ^ ^^j^^^^ generator for generating a con- 

FIG. 1 shows a known potential detector 90. The detector gj^jj^ potential output. 
90 consists of resistors Rl and R2 connected in series ^^^^^ invention provides a potential detector corn- 
between a tennmal 91 to be detected and a grou^^^ 20 ^ ^^^^ ^^^^^^^ thereof being con- 
Vss, and a comparator CMP to compare a potential at a node ^^^^^ ^ .^^ ^^^^^^^^ ^^^-^^j ^-^ ^ switching 
at which the resistors Rl and R2 are connected together with ^^^.^^ ^^^^^^ ^^^^^^ ^^^^^^^ ^^^^ connected to a ref- 
a reference potential Vret. ^^^^^^ potential terminal; a second capacitor, a terminal 

The potential at the node of the resistors Rl and R2 is thereof being connected, via a second switching device, to a 

obtained as VI R2/(R1+R2) where VI is a potential at the ^^^^^ ^^ich the first switching device and the fiist 

terminal 91. The comparator CMP outputs a high-level capacitor are connected, another terminal thereof being 

detection signal when the potential at the node exceeds the connected to the reference potential terminal; a third switch 

reference potential Vref. connected between a second node at which the second 

The potential detector 90 is used, for example, for detect- switching device and the second capacitor are connected and 

ing an output potential Vout of a high voltage generator used the reference potential terminal; a clock generator for gen- 

in a semiconductor circuit such as a non-volatile semicon- erating clock signals to simultaneously and periodically turn 

ductor memory. on the first and the third switching devices whereas turn on 

FIG. 2 shows an example where the potential detector 90 the second switch periodically in an opposite timing for the 

is used for detecting a potential Vout appearing at an output first and the third switching devices; and a comparator for 

terminal 91 of a high voltage generator 910 such as a charge comparing a potential at the second node with a reference 

pump. The high voltage generator 901 is driven by clocks potential and outputting a detection signal when a potential 

generated by an oscillator 902 such as a ring oscillator. at the potential detection terminal reaches a predetermined 

The potential detector 90 outputs a detection signal Dout potential, 

when the potential Vout appearing at die output terminal 91 Moreover, the present invention provides a semiconduc- 

of the high voltage generator 901 reaches a certain potential tor integrated circuit having a high voltage generator for 

to dis-activale a gate 903 that has fed clocks generated by the generating a boosted internal power supply potential and a 

oscillator 902 to the high voltage generator 901. The high potential detector for controlling the high voltage generator 

voltage generator 901 then stops, so that the boosted output by detecting a potential at an output terminal of the high 

Vout is kept at a constant level, as illustrated in FIG. 3A. 45 voltage generator, the potential detector comprising: a first 

The known potential detector generates a potential by the capacitor, one terminal thereof being connected to an output 
series-connected resistors, which is compared with a refer- terminal of the high voltage generator via a first switching 
ence potential. A current always fiows through the resistors device, another terminal thereof being connected to a ref- 
Rl and R2 for generating the potential. The high voltage erence potential terminal; a second capacitor, one terminal 
generator 901 thus requires a drive performance high 50 thereof being connected, via a second switching device, to a 
enough for accepting a current consumed by the resistors Rl first node at which the first switching device and the first 
and R2. The drive performance of the high voltage generator capacitor are connected, another terminal thereof being 
is decided according to the resistance of the resistors Rl and connected to the reference potential terminal; a third switch- 
R2 when a load capacitance to be driven by the high voltage ing device connected between a second node at which the 
generator is relatively small. This requires drive perfor- 55 second switching device and the second capacitor are con- 
mance for the high voltage generator higher than that for the nected and the reference potential terminal; a clock genera- 
high voltage generator to drive the load itself, which is not tor for generating clock signals to simultaneously and peri- 
practical in view of power consumption and circuit integra- odically turn on the first and the third switching devices 
tion. whereas turn on the second switching device periodically in 

A high vohage generator having unnecessarily high drive 60 opposite timing for the first and the third switching 

performance will generate a potential boosted to a high level devices; and a comparator for comparing a potential at the 

during a response time of a potential detector. This results in second node with a reference potential and outputting a 

a large variation in boosted output Vout against an antici- detection signal when a potential at the potential detection 

pated level, as illustrated in FIG. 3B, with difiBculty in terminal reaches a predetermined potential, 

obtaining a constantly boosted potential. 65 Furthermore, the present invention provides a semicon- 

The larger the resistance of the resistors Rl and R2 for ductor integrated circuit having a high voltage generator for 

avoiding such potential variation, the larger the parasitic generating a boosted internal power supply potential, the 
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high voltage generator comprising: a plurality of charging FIGS. 3 A to 3C illustrate waveforms in potential 
circuits, each having a capacitor, one terminal thereof being up-conversion by the known potential detector; 
connected to a high-level side power terminal via a first FIG. 4 shows a circuit diagram of a power supply accord- 
switching device, another terminal thereof being connected i^g to the present invention; 

to a low-level side power terminal via a second switching 5 5 g^ows a circuit diagram of a high voltage generator 

device; and a plurality of third switching devices each ^ ^^e power supply; 

provided between adjacent two charging circuits so that a ^ ^^^^^^^^^ waveforms in potential detection by the 

node at which the first switchmg device and the capacitor or oo^r su 1 • 

each charging circuit are connected is connected to another « , . . 

node at which the second switching device and the capacitor 10 ^^^^^^ ^ ^ P^^^"^^*! converter 

of the succeeding charging circuit are connected, wherein ^ power supply; 

the capacitor of each charging circuit is charged with a FIG. 8 shows a circuit diagram of a modification to the 

potential ahnost equal to a power supply potential when the potential converter; 

first and the second switching devices are turned on whereas FIG. 9 shows a circuit diagram of another modification to 

the third switching devices are tumed off and the charged 15 the potential converter; 

capacitors of the charging circuits are coupled in series when FIG. 10 shows a circuit diagram of a modification to the 

the first and the second switching devices are tumed off high voltage generator; 

whereas the third switching devices are tumed on, thus pjQ^ u illustrates a structure of the modification to the 

outputting a boosted potential. high voltage generator; 

Moreover, the present invention provides a semiconduc- 20 ^ illustrates another structure of the modification to 

tor integrated circuit having a high voltage generator for the high voltage generator; 

generating a boosted internal power supply potential, the ^3 .^^^^^^^^ ^^^^^^^ ^^^^^^ ^^ ^^^^^ ^ 

high voltage generator compnsing: a charge pump havmg a ^edification to the high vohage generator; 

plurauty of first capacitors, adjacent two first capacitors ^. . . . j.^ . 

being driven by clocks in opposite timing and a transfer 25 F^G 14 shows a circuit diagram of another modification 

device for transferring charges stored in each first capacitor ^^^^^^^ generator; 

to the succeeding first capacitor; and a potential converter shows a cu-cuit diagram of still another modi- 

for supplying a boosted clock to each first capacitor, wherein fication to the potential converter; 

the potential converter includes: a second capacitor, a first FIG. 15B shows a circuit diagram of a further modifica- 

terminal thereof being connected to a high-level side power 30 tion to the potential converter; 

terminal via a first switching device, a second terminal FIG. 16 shows a circuit diagram of still another modifi- 
thereof being connected to a low-level side power terminal cation to the high voltage generator; 
via a second switching device that is turned on simulta- FIG. 17 illustrates waveforms of clock signals in the high 
neously with the first switching device; a third switching voltage generator shown in FIG. 16; and 
device that is turned on in opposite timing for the first and 35 ^^^^^ ^ ^^^^-^ diagram of another embodiment 
the second switchmg devices to supply a dnving potential to ^ potential detector, 
the second terminal of the second capacitor; a fourth switch- 
ing device that is turned on simultaneously with the third DETAILED DESCRIPTION OF PREFERRED 
switching device to connect the first terminal of the second EMBODIMENTS 
capacitor to an output terminal; and a fifth switching device 40 Preferred embodiments according to the present invention 
that is turned on simultaneously with the first switching vvill be disclosed with reference to the attached drawings, 
device to reset a potential at the output terminal wherein the 4 ^^^^^ ^ ^^^^^ ^ 3 1 ^ 
second capacitor is charged while the first and the second ^ semiconductor circuit. 

switching devices are on and the charged second capacitor * r ^u- • u- u u 

ij * *L £ * • • u-i J J The main components of this circuit are a high voltage 

IS coupled to the first capacitor in senes while the third and 45 ^ c i![ - .1 1 * *♦ 1 

the fourth switching devices are on. l^"^'"'"! ^ an mlemal power supply potential 

„ ^. .... . . higher than a power supply potential V„r> and a clock 

Furthermore the present invention provides a semicon- ^^^^^^^^ ^ for driving the high vohage generator 1. 

ductor integrated Circuit havmg a high voltage generator for r,^,-. i. i i_ 

... ♦ J ■ ♦ 1 1 * *• 1 *u The high voltage generator 1 is a known charge pump 

generating a boosted mteraal power supply potential, the , . - * , , . ^ • r & r r 

high voltage generator comprising: a plurdity of first capaci- 50 ^^own u, FIG. 5. The clock generator 2 is for exampte. a 

lots that are charged during a first period; a plurality of * contiolhng 

second capacitors provided alternately with the first ^ ^ ^^^^ pump. . . ^ . . , . 

capacitors, the second capacitors being charged during a . The semiconductor circuit for which the present mvention 

second period that partiaUy overlaps with the first period; a ^ ^PP^^^^ ^' for example, a non-volatile semiconductor 

first transfer device for transferring charges stored in each 55 memory. A boosted output potential Vout of the high voltage 

first capacitor to the succeeding second capacitor during a generator 1 is used for data programmmg and erasure, 

third period that is delayed from the second period by a Thecomplementaryclocks(|)and/<|)of the clock generator 

predetermined time; and a second transfer device for trans- 2 are selectively supplied to the high voltage generator 1 via 

ferring charges stored in each second capacitor to the ^ NAND gate 3. The NAND gate 3 is controUed to turn on 

succeeding first capacitor during a fourth period that is 60 or off the high voltage generator 1. A potential detector 4 is 

delayed fi-om the first period by the predetermined time. provided to detect a potential appearing at an output termmal 

9 for controlling the high voltage generator 1. 

BRIEF DESCRIPTION OF DRAWINGS surrounded by a dashed Uoe is a main section of 

FIG. 1 shows a circuit diagram of a known potential the potential detector 4. The detector 4 is also controlled by 

detector; 65 the complementary clocks ^ and of the clock generator 2. 

FIG. 2 shows an example circuit diagram to which the Another clock generator may be provided only for control- 
known potential detector is applied; ling the potential detector 4. 
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The potential detector 4 has two capacitors CI and C2, a 
terminal of each being connected to a ground terminal Vss. 
The other terminal Nl of the first capacitor CI is connected 
to the output terminal 9 of the high voltage generator 1 via 
an NMOS transistor QNl. The other terminal N2 of the 
second capacitor C2 is connected to the terminal Nl via an 
NMOS transistor QN2. 

The output (Vout) terminal 9 of the high voltage generator 
1 has a large load capacitance Cout in this embodiment. The 
capacitors CI and C2 used for the potential detector 4 have 
capacitance much smaller than the load capacitance Cout. 

The NMOS transistor QNl is a switching device for 
charging the capacitor CI with the output Vout of the high 
voltage generator 1. The gate of the NMOS transistor QNl 
is driven by the clock signal <|). 

The NMOS transistor QN2 is a switching device for 
supplying a certain amount of charges stored in the capacitor 
CI to the capacitor C2 while short-circuiting the nodes Nl 
and the N2 of the two capacitors. The gate of the NMOS 
transistor QN2 is driven by the clock signal /((>. 

The node N2 of the capacitor C2 and the NMOS transistor 
QN2 is connected to the ground terminal Vss via an NMOS 
transistor QN3 (a resetting-switching device). The gate of 
the NMOS transistor QN3 is driven by the clock signal ((). 

A potential converter 5 is connected to the gate of the 
NMOS transistor QNl for up-converting the clock signal (j) 
to drive the transistor QNl so that output Vout of the high 
voltage generator 1 boosted based on the power supply 
potential V^^ is sufficiently transferred to the capacitor CI. 

A potential higher than the power supply potential V^,^, is 
supphed to the gate of the charging NMOS transistor QNl. 
On the other hand, the power supply potential V^j^ is 
supplied to the gates of the charge-supplying NMOS tran- 
sistor QN2 and the resetting NMOS transistor QN3. The 
gate oxide film of the NMOS transistor QNl is thus formed 
as thicker than those of the NMOS transistors QN2 and 
QN3. 

The node N2 of the capacitor C2 and the NMOS transistor 
QN2 is connected to an input terminal of a comparator 6 (a 
differential amplifier). A reference potential Vref is supplied 
to the other terminal of the comparator 6. When a potential 
at the node N2 exceeds the reference potential, the com- 
parator outputs a high-level detection signal. 

The detection signal is supplied to a flip-flop 8 via an 
inverter 7. The flip-flop 8 consists of series-connected four 
CMOS transfer gates Tl to T4 that are alternately turned on 
and off by the clock signals (|> and and two inverter chains 
INVl and INV2 connected in parallel to the second and the 
fourth gates T2 and T4, respectively. The output of the 
flip-flop 8 is used as a control signal for activating the 
NAND gate 3. 

The operation of the high voltage generator 1 of the power 
supply circuit (FIG. 4) is disclosed with reference to FIG. 6 
that illustrates waveforms in up-conversion and potential 
detection. 

The high voltage generator 1 is controlled by the clock 
signals (j) and /(j) so that the output potential Vout is gradually 
increased as shown in FIG. 6. In the potential detector 4, the 
NMOS transistors QNl and QN3 are turned on whereas the 
NMOS transistor QN2 is turned off while the clock signal (j) 
is HIGH. The capacitor CI is charged with the potential at 
the output terminal 9 of the high voltage generator 1 while 
the capacitor C2 is discharged to be reset. 

When the clock signal ^ is turned into LOW, the NMOS 
transistors QNl and QN3 are turned off whereas the NMOS 
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transistor QN2 is on. The nodes Nl and N2 are thus isolated 
from the output terminal 9 of the high voltage generator 1 
and the ground terminal Vss, respectively, and short- 
circuited with each other. This initiates the supply of the 
charges that has been stored in the capacitor CI when 
sampled at the high-level clock signal ^ to the capacitor C2. 

The charge supply results in the same potential at the node 
Nl and N2. In detail, when the capacitor CI has been 
charged with a potential VI, a potential V2 obtained by 
charge supply is expressed as V2=V1C1(C1+C2) lower 
than the potential VI. The potential at the node N2 is thus 
increased from the ground potential Vss to the potential V2. 
The potential at the node N2 is compared with the reference 
potential Vref in the comparator 6. 

When the potential at the node N2 has not reached the 
reference potential Vref, the node N2 is discharged at the 
next high-level clock signal ^ for another charging of the 
node Nl with the output of the high voltage generator 1. The 
charge supply is performed again at the next low-level clock 
signal 4>- These charging and supplying operations are 
repeated until the potential at the node N2 exceeds the 
reference potential Vref. 

When the potential at the node N2 exceeds the reference 
potential Vref as the boosted potential Vout has been 
increased, as shown in FIG. 6, the output of the comparator 
6 is inverted and hence a node N3 is turned into LOW. An 
output node N4 of the flip-flop 8 is then turned into LOW at 
the high-level clock signal ^. The NAND gate 3 is thus 
turned of f to stop the supply of clock signals to the high 
voltage generator 1 for halting the up-conversion operation. 

The NMOS transistor QNl, a switching device for charg- 
ing the capacitor CI, is driven by a potential boosted by the 
voltage converter 5 so that ahnost no potential drop occurs 
at the capacitor 1. 

The capacitors CI and C2 have very small capacitance 
compared to the capacitance Cout of the output terminal 9 of 
the high voltage generator 1 so that a potential drop that may 
otherwise occur at the output terminal 9 when the capacitor 
1 is coupled to the output terminal 9 via the NMOS transistor 
QNl can be disregarded. 

A constant output potential Vout under ideal circuit 
response is expressed as 
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Vref{Cl+C2)/Cl 



(1) 



where CI and C2 are the capacitance of the capacitors CI 
and C2. 

A ratio of the capacitance of the capacitors CI and C2 to 
the load capacitance Cout of the output terminal 9 of the 
high voltage generator 1 is preferably Vio or lower. This 
capacitance ratio serves to disregard a potential drop that 
will occiu at the output terminal 9 when the capacitor 1 is 
coupled to the output terminal 9 via the NMOS U-ansistor 
QNl. 

A constant point of the output potential Vout of the high 
voltage generator 1 is decided in accordance with the 
reference potential Vref and the capacitance of the capacitors 
CI and C2 according to the expression (1). A ratio of the 
capacitance of the capacitor CI to C2 can be set freely. 

As described above, according to this embodiment, a 
boosted potential is detected with capacitor charging and 
charge supply at low power because of generation of no D. 
C. current which is generated in the known method using 
potential division by resistors. 

The smaller the areas, or the capacitance of the capacitors 
CI and C2, the larger the equivalent resistance thereof, and 
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hence the smaller the leak current. The high voltage gen- At the next high-level clock signal /((), the potential 

erator 1 is thus free from leakage. Especially, the capacitors converter 5 is reset through the resetting NMOS transistor 

CI and C2 having the capacitance Vio or lower of the load QN14. 

capacitance Cout of the output terminal 9 serve to disregard As disclosed, a boosted potential is obtained in synchro- 

a potential drop occurring at the output terminal 9 when the 5 nism with the low-level clock signal /(j) (the high-level signal 

capacitor CI is coupled thereto via the NMOS transistor clock signal (j)). This high potential turns on the NMOS 

QNl. transistor QNll (FIG. 4), so that the output potential of the 

Smaller areas for the capacitors CI and C2 serve to high voltage generator 1 is transferred to the capacitor CI 

decrease occurrence of leakage different from the known with almost no potential drop. 

method using resistors, thus high circuit integration is A charge pump provides potential increase by V^^ only 

achieved according to this embodiment. per clock. On the contrary, the potential converter 5 shown 

Moreover, a large equivalent resistance to the capacitors in FIG. 7 can produce a boosted potential higher than V^^ 

CI and C2 in this embodiment does not increase parasitic per clock. 

capacitance which may otherwise occur in the known Moreover, the PMOS transistors QPll and QP12 do not 

method using resistors. The embodiment is thus excellent in suffer high voltage application at their source-drain 

circuit response for stable potential detection. junctions, thus can be integrated in a small area. Each 

FIG. 7 shows a circuit diagram of the potential converter capacitor Cll also does not suffer high voltage application, 

5 for driving the charging NMOS transistor QNl in FIG. 4. thus can be formed with a thin dielectric film for large 

The potential converter 5 shown in FIG. 7 has a plurality capacitance per unit of area. Therefore, the potential con- 

of charging circuits 51 (51-1 to 51-n) and switching devices verter 5 in FIG. 7 having those transistors and capacitors can 

that connect capacitors Cll of the circuits 51 in series. 20 be formed in a small area. 

Each charging circuit 51 has a capacitor Cll, a terminal FIG. 8 shows a circuit diagram of a potential converter Sa, 

Nil thereof being connected to a high-level side power a modification to that shown in FIG. 7. 

terminal V^£, via a switching device NMOS transistor QNll The potential converter Sa has a series of circuit of a 

and the other terminal N12 being connected to a low-level capacitor CIO and NMOS transistors QN13 and QN14 at the 

side power terminal V^^ via a switching device NMOS 25 output stage. The source of the NMOS transistor QN14 

transistor QN12. The gates of NMOS transistors QNll and comiected to a terminal of the capacitor CIO is connected to 

QN12 are driven by a clock signal /cj). l^.n^:^"''"? f''^'r^^^T' . f£* "^"'^ i f 

PMOS transistor^ QPll are switching devices for con- ^MOS transistor QN13 connected to the other terminal of 

. r *u u ■ •* ei • the capacitor CIO is also connected to the low-level side 

necung the capacitors C^^^^^^ the chargmg circuits 51 in ^^.^^^erminal V,^. Hie gates of the NMOS transistors 

series. In detail each PMOS trans^tor QPll is provided to 30 ^^^^3 ^^^^ ^^^J^ ^^^^ ^j^^ 

connect a high level-side node Nil of the capacitor Cll of ^ ■ ^^^^^ 5^ 

each charging circuit 51 to a low level-side node N12 of the ^ high-level clock signal /<(), the capacitors Cll of the 

capacitor Cll of the succeedmg charging cucuit. The gates charging circuits 51 are charged whereas the capacitor CIO 

of the PMOS transistors QPll are also driven by the clock at the output stage is reset by the NMOS transistors QN13 

signal /((). 35 and QN14 and discharged. 

The low level-side node N12 of the capacitor Cll of the The NMOS transistors QN13 and QN14 are turned off 

first charging circuit 51-1 is connected to the high-level side when the clock signal /()) is turned into LOW to output a 

power terminal V^^ via a PMOS transistor QP12 driven by potential, via the capacitor CIO, that has been boosted by 

the clock signal /(f). series-coupling of the capacitors Cll of the charging circuits 

The high level-side node Nil of the capacitor Cll of the 40 51. 

last charging circuit 51-n is connected to an output terminal This potential converter 5a also has the same advantages 

52 that is connected to the gate of the NMOS transistor QNl when used for potential detection (FIG. 4) like the potential 

(FIG. 4) via an NMOS transistor QN13 whose gate and converter 5 shown in FIG. 7. 

source are connected like a diode. Also connected to the The potential converters 5 and 5a shown in FIGS. 7 and 

output terminal 52 is a resetting NMOS transistor QN14. 45 8, respectively, output a high potential by charging a plu- 

An operation of the potential converter 5 shown in FIG. rality of capacitors and switching of series capacitance- 

7 is disclosed. coupling. 

In each charging circuit 51, the NMOS transistors QNll FIG. 9 shows a circuit diagram of a potential converter Sb 

and QN12 are turned on at a high-level clock signal to that can be used for potential detection when there is a high 

charge the capacitor Cll. 50 voltage generator for generating a boosted potential Vpp. 

When the clock signal is turned into LOW, all charging The gates of differential NMOS transistors 61 and 62 

circuits 51 are turned off whereas the PMOS transistors whose sources are grounded together are driven by clock 

QPll between adjacent charging circuits and the PMOS signals ^ and /<j), respectively. The drain of these NMOS 

transistor QP12 at the first charging circuit are turned on. transistors QN61 and 62 are supplied with a boosted poten- 

These transistor-switching operations serve to connect the 55 tial Vpp via PMOS transistors QP61 and QP62, respectively, 

capacitors Cll of all charging circuits 51 in series with a The gates and drains of the PMOS transistors QP61 and 

reference potential V£>£> at the terminal N12 of the capacitor QP62 are cross-connected to each other. The potential 

Cll of the first charging circuit 51-1 via the PMOS transistor converter 5b outputs the boosted potential Vpp in synchro- 

QP12. nism with the clock signal ^ having a potential the same as 

The capacitance-coupling through the series-coupled 60 a power supply potential, 

capacitors Cll of the charging circuits 51 instantaneously FIG. 10 shows a circuit diagram of a high voltage 

produces a high potential at the last charging circuit 51-n. generator la that is a modification to the charge pump shown 

When a charged level for each capacitor Cll is V^^, 2 V^^, in FIG. 4, almost the same structure as those shown in FIGS. 

3 V^,^, . . . , and (n+iyVj^i, appear at the nodes Nil of the 7 and 8. 

capacitors Cll of the first (51-1), the second (51-2), . . . , and 65 The high vohage generator la has a plurality of charging 
the last (51-n) charging circuits, respectively, because of circuits 71 (71-1 to 71-n) and switching devices for con- 
successive capacitance-coupling. nectiog capacitors C71 of the circuits 71 in series. 
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Each charging circuit 71 has a capacitor C71, a terminal 
Nil thereof being connected to a high-level side power 
terminal V^^^, via a switching device NMOS transistor QN71 
and the other terminal N12 being connected to a low-level 
side power terminal V^^ via a switching device NMOS 
transistor QN72. The gates of NMOS transistors QN71 and 
QN72 are driven by a clock signal /<(). 

PMOS transistors QP71 are switching devices for con- 
necting the capacitors C71 of the charging circuits 71 in 
series. In detail, the PMOS transistor QP71 connects a high 
level-side node Nil of the capacitor C71, for example, of the 
first charging circuit 71-1 to a low level-side node N12 of the 
capacitor C71 of the second charging circuit 71<2. The gates 
of PMOS transistors QP71 are also driven by the clock 
signal /(|). 

The low level-side node N12 of the capacitor C71 of the 
first charging circuit 71-1 is connected to the high-level side 
power terminal V^,^ via the PMOS transistor QP72 driven 
by the clock signal /((). 

The high level-side node Nil of the capacitor C71 of the 
last charging circuit 71-n is connected to Uie output terminal 
9 (FIG. 4) via an NMOS transistor QN73 whose gate and 
source are connected like a diode. 

The high voltage generator la operates the same as the 
potential converters 5 and Sa shown in FIGS. 7 and 8, 
respectively, thus generating a boosted high potential per 
clock cycle, different from a charge pump. 

FIG. 11 illustrates a structure of adjacent two high voltage 
generators la shown in FIG. 10. The same structure is 
applied to the potential converters 5 and Sa shown in FIGS. 
7 and 8, respectively. 

The capacitors C71 of adjacent two charging circuits 71 
are formed on n-type wells 82 isolated from each other in a 
p-type well of a silicon substrate 80. In detail, each capacitor 
C71 is a MOS-type capacitor having the n-type well 82 as 
a terminal and a gate electrode 84 formed on the n-type well 
82 via a gate insulating film 83, The PMOS transistor QP71 
is also formed in the n-type well 82 for coupling the 
capacitors C71 of adjacent two charging circuits. 

It is apparent from the foregoing disclosure on operation, 
capacitance -coupling while the PMOS transistors 0P71 is 
on ideally provides potentials on the n-type wells 82 as one 
of the terminals of the capacitors C71, accumulated by W^jy 
per well. In reality, however, the junction-capacitance 
between the n-type well 82 and the p-type well 80 is much 
larger than the capacitor C71 to restrict a coupling ratio. The 
number of charging circuits have to be decided in consid- 
eration of such restricted coupling ratio for obtaining a 
required boosted potential. 

The PMOS transistors QP71 are switching devices for 
coupling the capacitors C71 of adjacent charging circuits. 
The soiu-ce and drain of each PMOS transistor QP71 do not 
suffer voltage application higher than V^^^. The PMOS 
transistors QP71 thus can be arranged on a small area. The 
capacitors C71 also do not suffer voltage application higher 
than V^^. Thus, an NMOS transistor-type capacitor C71 
having an insulating film 83 thinner than the gate oxide film 
of the PMOS transistor QP71 will exhibit large capacitance 
on a small area. Therefore, the high voltage generator la 
including these transistors and capacitors can be integrated 
on a small area. 

FIG. 12 illustrates a modification to the structure of the 
high voltage generator la shown in FIG. 10 for one charging 
circuit 71. The same structure can be applied to the potential 
converters 5 and Sa shown in FIGS. 7 and 8, respectively. 

A difference between the structures in FIGS. 11 and 12 is 
that, in the latter, the PMOS transistor QP71 for coupling the 
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capacitors C71 of adjacent charging circuits is formed in an 
n-type well S2b isolated from an n-type well S2a by the 
p-type well 80 of the silicon substrate. Another difference is 
that the NMOS transistor QN71 is connected to the gate 
5 electrode of the capacitor C71 while the NMOS transistor 
QN72 is connected to the n-type well 82a, as opposite of 
FIG. 11. 

This structure serves to restrict parasitic capacitance to the 
high-level side node Nil of the capacitor C71 less than to 

10 the low-level side node N12 thereof with reject to the 
low-level side power terminal V^^, 

Also in the structure shown in FIG. 12, the PMOS 
transistors QP71 are switching devices for coupling the 
capacitors C71 of adjacent charging circuits. The source and 

15 drain of each PMOS transistor QP71 do not suffer voltage 
application higher than V^,^. The PMOS transistors QP71 
thus can be arranged on a small area. The capacitors C71 
also do not suffer voltage application higher than V^,^,. Thus, 
an NMOS transistor-type capacitor C71 having an insulating 

20 film 83 thinner than the gate oxide fikn of the PMOS 
transistor QP71 will exhibit large capacitance on a small 
area. Therefore, the high voltage generator 1 in FIG. 12 
having these transistor and capacitors can be integrated on a 
small area. 

25 As illustrated in FIG. 13, each capacitor C71 can be an 
NMOS FET formed in a p-type semiconductor region or an 
NMOS transistor having a negative threshold level. 

The foregoing disclosure is applied to the potential con- 
verters 5 and Sa in FIGS. 7 and 8, respectively. In detail, the 

30 structure illustrated in FIG. U, 12 or 13 is applied to the 
capacitors Cll and the PMOS transistors QPll in FIGS. 7 
and 8 with a gate insulating film of each capacitor Cll 
thinner than that of each PMOS transistor QPll of small 
area, thus achieving overall integration in a small area. 

35 FIG. 14 shows a modification to the high voltage genera- 
tor 1 in FIG. 4. 

A high voltage generator lb shown in FIG. 14 has a 
plurality of capacitors CI driven by opposite-phase clocks (|> 
and /(|> and NMOS transistors QN that function as a diode to 

40 transfer charges stored in a capacitor CI to the next one. 
The first capacitor CI is supplied with V^,^ via the MOS 
transistor QN. Connected to a clock-supplying terminal of 
each capacitor CI of the charge pump is the potential 
converter 5 shown in FIG. 7. 

45 In detail, as shown in FIG. 15 A, a potential converter may 
be formed as one unit of circuit that consists of a capacitor 
C2, NMOS transistors QNll and QN12, and PMOS tran- 
sistors QPll and QP12, or, as shown in FIG. 15B, it may be 
formed as series connection of a plurality of (two in FIG. 

50 15B) of unit of circuit. 

A dielectric film of the capacitor C2 for the potential 
converter is preferably thinner than that of the capacitor CI 
for the charge pump because the dielectric film of the 
capacitor C2 will not suffer voltage application higher than 

55 a power supply voltage. 

The capacitor C2 of the potential converter 5 is charged 
while the NMOS transistors QNll and QN12 are on. A drive 
potential Vod- supplied to a low-level side terminal of the 
capacitor C2 whose other terminal is connected to an output 

60 terminal OUT when the NMOS transistors QNll and Qnl2 
are turned off whereas the PMOS transistors QPll and QP12 
are turned on. The output terminal OUT is reset by an 
NMOS transistor QN14 while the NMOS transistors QNll 
and QN12 are on. 

65 In FIG. 15B, the output PMOS transistor QPll and the 
driving PMOS transistor QP12 are shared by adjacent two 
potential converters. In detail, the driving PMOS transistor 



us 6,486,729 B2 

11 12 

QP12 of the potential converter 51-2 is used as an output Ml via the capacitor C3, so that charges stored in each odd 

transistor of the anterior potential converter 51-1 and the number stage of the capacitor CI are transferred to the 

output PMOS transistor QPll of the potential converter 51-2 succeeding even number stage of the capacitor CI. When the 

is used as a driving transistor of the posterior potential clock ^ is turned into LOW at a moment t4, each odd 

converter 51-3 (not shown). The resetting NMOS transistor 5 number stage of the NMOS transistor Ml is turned off. 

QN14 is provided only at the output terminal OUT of the last Likewise, charges stored in each even number stage of the 

potential converter for several potential converters con- capacitor CI is transferred to the succeeding odd number 

nected in series. stage of the capacitor CI while the clock <t4 is HIGH during 

In the foregoing structure, the capacitor C2 of an even next cycle of the clocks <))4 and ^2. 

number stage of the potential converter 5 is coupled in series lO The four-phase control provides a voltage applied to the 

to the pumping capacitor CI of the charge pump so that a gate of each NMOS transistor Ml higher than that applied 

clock potential boosted by the converter 5 is supplied to the to the drain thereof, resulting no effects of substrate bias 

capacitor CI while the capacitor CI of an odd number stage effect, thus achieving charge transfer efficiency higher than 

of the potential converter 5 is grounded. the two-phase control shown in FIG. 14. 

On the other hand, the capacitor C2 of an odd number 15 The delay for the clock ^ that is turned into HIGH at the 

stage of the potential converter 5 is coupled in series to the moment t3 after the clock (^2 has been turned into LOW 

pumping capacitor CI of the charge pump so that a clock from the moment t2 is required for protecting the NMOS 

potential boosted by the converter 5 is supplied to the transistors M2 from a reverse current. 

capacitorCl while the capacitor CI of an even number stage Moreover, the delay for the clock <t)2 that is turned into 

of the potential converter 5 is grounded. These two opera- 20 HIGH at a moment t5 after the clock ^ has been turned into 

tions are repeated alternately. LOW from the moment t4 is required for protecting the 

According to these modifications, boosted clocks serve to NMOS transistors Ml from a reverse current, 
decrease the number of charge puimps for obtaining the Like the embodiment shown in FIG. 14, the four-phase 
output level the same as that in the high voltage generator driven charge pumps are provided with the potential con- 
shown in FIG. 5. 25 verter 5 shown in FIG. 15A or 15B for supplying a boosted 

In detail, the potential converter having the capacitance of potential to each capacitor CI, thus achieving decrease in the 

the capacitor C2 the same as that of the capacitor CI serves number of charge pumps. 

to decrease the number of charge piunps by and Vi in FIG. 18 shows a circuit diagram of another embodiment 

FIGS. 15A and 15B, respectively. of the potential detector shown in FIG. 4. 

The decrease in number of charge pumps allows a small 30 The potential detector in FIG. 4 is provided with one 

area for the high voltage generator because a thin dielectric capacitor C2 to which a certain amoimt of charges stored in 

film can be used for the capacitor C2 of the potential the capacitor CI are supplied. 

converter 5 even though the total capacitance of the capaci- On the contrary, this embodiment is provided with a 

tors used in the high voltage generator is the same between plurality of capacitors C2 for varying capacitance, or a ratio 

the circuits shown in FIG. 5 and FIGS. 15 A and 15B. 35 of charge distribution to the capacitors CI and C2, to vary 

In FIGS. 15A and 15B, the NMOS transistors QNll, an output boosted potential. 

QN12 and QN14, and the PMOS transistors QPll and QP12 In detail, the embodiment in FIG, 18 is provided with two 

are turned on in opposite phase. The timing for the NMOS capacitors C21 and C22 as the capacitors C2. Also provided 

transistors QNll, QN12 and QN14 to be turned off (or on) are an NMOS transistor QN21 connected between the node 

and that for the PMOS transistors QPll and QP12 to be 40 Nl of the capacitor CI and the node N2 of the capacitor C21 

turned on (or off) may not meet each other completely. For and an NMOS transistor QN22 connected between the node 

example, the timing may be delayed a little bit so that the N2 of the capacitor C21 and the node N3 of the capacitor 

NMOS transistors QNll, QN12 and QN14 and the PMOS C22. 

transistors QPll and QP12 are not be turned on A ratio of charge distribution can be varied by driving the 

simuhaneously, for prevention of punch-through current. 45 gate of the NMOS transistor QN 22 as follows: 

The high voltage generator 1 shown in FIG. 14 has charge When the gate of the NMOS transistor QN 22 is driven by 

pumps driven by two-phase clocks. However, it may have a clock ^ via s switch 10 connected to this gate, the capacitor 

chargepumpsdrivenby four-phase clocks shown in FIG. 16. C22 is ahnost always discharged, so that it can be disre- 

Ahigh vohage generator Ic shown in FIG. 16 has NMOS garded in operation. The NMOS transistor QN 22 functions 

transistors Ml, the gate thereof being driven by clocks (j)3 50 as a resetting device for the capacitor C21 together with the 

and (j)4 instead of the transfer devices NMOS transistors QN NMOS QN3. 

shown in FIG. 14. The gate of each NMOS transistor Ml is The output potential Vout of the high voltage generator 1 

not connected to its drain but to a capacitor C3 via which the in this operation is expressed, like the expression (1), as 

clock (|>3 or 44 is applied. Each capacitor C3 is provided with follows: 
a charging NMOS transistor M2, the drain thereof being 55 

connected to the capacitor CI, the gate thereof being con- w«/(ci+<:2i)/ci (2) 

nected to the succeeding capacitor CI. xr * u *u vrxxi-io . • * ^-^kt -^'^ • * a u 

A »• c *u u u i-fr^ir- Next, when the NMOS transistor QN 22 IS turned on by 

An operation of the charge pumps shown m FIG. 16 is , « . .1. . c ♦ u in *u *. 

I J ... r . *u * • u -* n * ♦ J • supplymgVno to the gate thereof via the switch 10, the two 

disclosed with reference to the timing chart illustrated in ffj& dd & . 

yj ^ capacitors C21 and C22 are supplied with a certam amount 

The capacitois C3 are charged via the NMOS transistors ^^g^^ stored in the capacitor CI. 

M2 during a period from moments tl to t2 in which both . ^.^ output potential Vout of the high voltage generator 1 

clocks <t)l and *2 are HIGH. Each odd number stage of the ^P^^^^^^° ^ expressed as foUows: 

NMOS transistor M2 is turned off when the clock (j>2 is i^(ci+C2i+C22)/ci (3) 
turned into LOW at the moment t2. When the clock (|>3 is 65 

turned into HIGH at a moment t3, a high voltage is supplied As disclosed, the potential detector in this embodiment 

to the gate of each odd number stage of the NMOS transistor switches the amoimt of capacitance to selectively output 
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different level of potentials Voul at the output tenninal 9 of 
the high voltage generator 1. 

The second capacitor may consist of capacitors of three or 
more for switching output potential among levels of three or 
more. 5 

The potential detector according to the present invention 
generates a potential to be input to a comparator, which is 
lower than a potential at a terminal to be detected with a 
potential-charging operation to a capacitor and a charge- 
distribution operation between the capacitor and another lO 
capacitor. 

Different from the known potential detector with potential 
division by resister, the potential detector according to the 
present invention generates no D. C. ciurent. Moreover, the 
capacitor is formed with a large equivalent resistance but a 15 
small area, thus occupying a small area on the entire circuit 
area. The small area for the capacitor allows the potential 
detector to be almost free from leakage for stable potential 
detection with no delay in response which will occxu" when 
resisters of large resistance are used instead of capacitor. 20 

Different from the known method of dividing an output 
potential of the high voltage generator by resistors, the high 
vohage generator according to the present invention requires 
the drive performance just for driving only the load with no 
decrease in response of the potential detector even at a large 25 
equivalent resistance, thus generating a constant boosted 
potential. 

As disclosed, the present invention offers a potential 
detector capable of stable potential detection while consum- 
ing a low power. Moreover, the present invention offers a 30 
semiconductor circuit with the potential detector having an 
high voltage generator for generating a constant potential 
output. 

What is claimed is: 

1. A semiconductor integrated circuit having a high volt- 35 
age generator for generating a boosted internal power supply 
potential, the high voltage generator comprising: 

a charge pump having a plurality of first capacitors, 
adjacent two first capacitors being driven by clocks in 
opposite timing and a transfer device for transferring 
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charges stored in each first capacitor to the succeeding 

first capacitor; and 
a potential converter for supplying a boosted clock to each 

first capacitor, 
wherein the potential converter includes: 

a second capacitor, a first terminal thereof being con- 
nected to a high-level side power terminal via a first 
switching device, a second terminal thereof being 
connected to a low-level side power terminal via a 
second switching device that is turned on simulta- 
neously with the first switching device; 

a third switching device that is turned on in opposite 
timing for the first and the second switching devices 
to supply a driving potential to the second terminal 
of the second capacitor; 

a fourth switching device that is turned on simulta- 
neously with the third switching device to connect 
the first terminal of the second capacitor to an output 
terminal; and 

a fifth switching device that is turned on simultaneously 
with the first switching device to reset a potential at 
the output terminal, 

wherein the second capacitor is charged while the first 
and the second switching devices are on and the 
charged second capacitor is coupled to the first 
capacitor in series while the third and the fourth 
switching devices are on. 

2. The semiconductor integrated circuit according to 
claim 1, wherein the potential converter includes a plurality 
of circuits each having the second capacitor and the first, the 
second, the third, and the fourth switching devices, the 
circuits being connected in series such that the fourth 
switching device of each circuit is used as the third switch- 
ing device of the succeeding circuit, the fifth switching 
device being provided at an output terminal of the last circuit 
among the series-connected circuits. 

3. The semiconductor integrated circuit according to 
claim 1, wherein a dielectric film of the second capacitor is 
thinner than that of the first capacitor. 
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ABSTRACT 



A novel class of DC to DC power converters and a method 
of conversion is provided using high-frequency switched 
capacitors where the switches are implemented by CMOS 
transistors or diodes on an integrated-circuit chip and using 
inductors to limit charging current. High eflBciency is 
achieved using inductors to reduce energy losses in circuit 
capacitors by high frequency switching when inductor cur- 
rent is zero and capacitor voltage is maximized. The high- 
frequency (100 MHz or greater) operation of the converter 
circuit permits the use of inductors with a low inductance 
value on the order of 100 nH (100x10*^ Henrys) capable of 
fabrication directly on an integrated-circuit ^C) chip. The 
use of CMOS integrated components allows the entire 
converter to be formed on a single IC chip, saving significant 
space within the portable system. Output voltage and current 
is high enough to permit EEPROM programming. In 
addition, fluctuations in the output voltage (ripple voltage) 
are substantially eliminated when several of the converter 
circuits are used in parallel. 

108 Clauns, 12 Drawing Sheets 
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EFFICIENT CMOS DC-DC CONVERTERS 
BASED ON SWITCHED CAPACITOR 
POWER SUPPLIES WITH INDUCTIVE 
CURRENT LIMITERS 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to the field of electronic 
systems which require power at more than one voltage, and 
more particularly, to a DC to DC power converter utilizing 
switched capacitors and inductive current limiters to achieve 
high efficiency. 

2. Description of the Related Art 

The evolution of electronic devices from analog to digital 
circuitry has changed the power supply requirements for 
circuit components. Yesterday's analog systems typically 
required a multitude of supply voltages, whereas today's 
digital systems typically use power at only a few standard 
voltages such as +/-5V or 3.3V, By reducing the number of 
supply voltages required, system designs benefit through 
lower cost, lighter weight, reduced volume and higher 
reliability due to the reduction in the number of power 
supply components. 

In spite of this evolution in electronics, there are still a 
significant number of systems which require power at volt- 
ages in addition to the standard digital 5 V or 3.3V levels. For 
example, systems which include data communication cir- 
cuits often require negative voltages for compatibility with 
the Electronic Industries Association (ELA) RS232C 
interface, a popular interface for data communications, 
which requires voltage levels ranging from -25 V to +25 V, 
Furthermore, preamplifiers, required for many interfacing 
applications, often require a negative supply voltage in 
addition to a positive supply voltage which is greater than 
the standard digital voltage of 5 V. 

In order to satisfy the need for several different supply 
voltages in digital systems, DC to DC power converters are 
used to produce output voltages different from the standard 
input voltage. These converters are available in step-down 
configurations that reduce the vohage relative to the input, 
step-up configurations that increase the voltage relative to 
the input, and inverter configurations that reverse the polar- 
ity of the input voltage (e.g. +5 V input results in -5V output) 
and may be combined with either step-up or step-down 
configurations. 

For computer system applications, DC to DC converters 
often operate in a low voltage, high-frequency switched 
environment. The explosive growth in the field of portable 
electronic devices, such as portable telephones, radio pagers, 
and notebook computers, has created a need for DC to DC 
converters which consume a minimum amount of power and 
take up as little space in the device as possible. Because 
batteries are the main power source for these portable 
devices, low-voltage circuitry is used to reduce power 
consumption and extend battery life. Battery energy is 
further saved by using a distributed power supply system 
with a switched controller which turns the individual con- 
verters on and off as they are needed. 

Additional advantages with distributed systems can be 
achieved using controllers and converters which operate at 
a high frequency. Miniaturized electronics which typically 
operate at frequencies in the range of 100 MHz or more, 
such as semiconductor integrated-circuit devices, save sig- 
nificant amounts of space and weight in portable systems. 
These devices also can operate at low voltage and power 



•9,632 Bl 

2 

consumption levels. In addition, improved thermal manage- 
ment and higher power densities as compared to conven- 
tional electronics makes integrated-circuit devices a natural 
choice for portable systems. 

5 One circuit element frequently used in DC to DC con- 
verters is the inductor. Inductors are commonly used in the 
forward, buck (step-down) and boost (step-up) converters 
shown in FIGS. 1(a), 1(b) and 1(c), respectively (discussed 
below in more detail). Because conventional converters 

10 require inductors with an inductive value on the order of 1 
micro-Henry (1x10"* H), the inductor used is typically 
bulky and expensive, and is attached externally to the 
semiconductor chip which contains the remainder of the 
converter circuit. Inductors capable of integration on a 

15 semiconductor chip are available, but only for lower induc- 
tance values. Therefore, there is a need for converter circuits 
that use low-inductance-value integrated inductors permit- 
ting inclusion of all converter components in a single 
semiconductor chip. 

Another common approach for producing additional 
voltages, that is particularly suited for low-power 
apphcations, is the "charge pump" or "flying capacitor" 
voltage converter. Referring to FIG. 2, an inverting charge 
pump 50 operates by charging a "pump" capacitor 58 during 
a clock's first half -cycle, or "pumping phase," to the level of 
a source voltage 54 via amplifier 56. During the clock's 
second, non-overlapping half-cycle, or "transfer phase," the 
pump capacitor 58 is disconnected from the soiu'ce 54 and 
connected, with its polarity switched, to a second "reservoir" 
capacitor 68, thereby "pumping" charge to the reservoir 
capacitor 68 and providing an output V^^ which is approxi- 
mately the negative of the input voltage. 
With a minor rearrangement of the pump's switching 

2^ elements, a step-up converter is produced. During the 
clock's first half -cycle the pump capacitor is charged to the 
level of the source voltage. During the clock's second 
half-cycle, the pump capacitor's positive side is discon- 
nected from the source, and its negative side, which had 

^ been connected to ground during the first half-cycle, is 
connected to the source. The positive side, now at twice the 
source voltage, is connected to the reservoir capacitor, thus 
charging it to twice the source voltage. This * doubled' 
voltage at the reservoir capacitor is then used as a power 

45 supply to components requiring the doubled voltage. 

Charge pumps are limited in their voltage ranges and 
ability to supply large currents. Large currents are required 
to reprogram electrically-erasable programmable read-only 
memory (EEPROM) arrays, making charge pumps unsuit- 

5Q able for these increasingly popular devices. Conventional 
forward, buck, and boost converters require large- 
inductance inductors and/or. transformers which are difEcult 
or impossible to fabricate on integrated circuits, increasing 
the size of the converter. 

55 In addition to size, current and voltage ranges, efficiency 
is also an important aspect of DC to DC converter perfor- 
mance. All DC to DC converters will dissipate a portion of 
the input energy in the circuit components, for example 
some energy is dissipated as heat in each resistor. Greater 

60 component losses result in reduced efiSciency of the con- 
verter. In general, greater current magnitudes over time in 
the circuit result in greater losses in circuit components and 
hence lesser ef5ciency. Also, the use of multiple clocks for 
switching transistors also dissipates energy and reduces 

65 eflSciency. 

Therefore, there is a desire and need for efficient DC to 
DC converters suitable for use in small portable electronic 
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systems which operate at high frequency and are capable of FIG. 3(e) illustrates a fragmentary vertical cross-sectional 

producing a current output sufficient for EEPROM program- view of an alternate arrangement of an integrated circuit 

ming and a range of voltages sufficient to meet various spiral inductor which may be used in the present invention; 

system requirements. FIG. 4(q) shows a schematic diagram of a positive output 

SUMMARY OF THE INVENTION ' ^^J^- ^^.Tr''' in accordance with a first 

embodunent of the present invention; 

The present invention provides a novel class of DC to DC fjq 4(^) shows a schematic diagram of a negative output 

converters based on switched capacitors suitable for use in to DC converter formed in accordance with a second 

portable electronic devices that offers improved efficiency, embodiment of the present invention; 

smaller size, and other advantages over conventional con- lO ^ ^^^^^ ^ ^^^^^^^.^ ^.^^^^^ p^^.^.^^ ^^^p^^ 

DC to DC converter of FIG. 4(a) with transistors used for the 
The above and other features and advantages of the switches- 
invention are achieved by providing a DC to DC power J . u *• j- * * 
•^v^.j* . u *u FIG. 6 shows a schematic diagram of the positive output 
converter circuit using switched capacitors where the ^ cr^ir^ >•/ \ j- j j * 

. . I , , . r>\Mr\cy * • ♦ j - j 15 DC to DC Converter of FIG. 4(a) with diodes and transistors 

switches are unplemented by CMOS transistors or diodes on j * *u •* u 

. . . - , , ♦ 1- u used for the switches; 
an integrated-circuit chip and using inductors to umit charg- 
ing currents. The inductors can be fabricated direcdy on the ^^^^^^ a schematic diagram of the negative output 
CMOS integrated circuit or alternatively could be smaU DC to DC converter of FIG, 4(Z?) with transistors used for the 
inductors incorporated in the packaging. TTie high-frequency switches; 

operation (100 MHz or greater) of the converter circuit ^0 FIG. 8 shows a schematic diagram of the negative output 

permits the use of inductors with a low inductance value on DC to DC converter of FIG. A{b) with diodes and transistors 

the order of 100 nH (100x10"^ Henrys) capable of fabrica- used for the switches; 

tion directly on an integrated-circuit (IC) chip. The use of FIG. 9 is a block diagram of a processor-based system 

CMOS integrated components allows the entire converter to including a DC to DC converter formed in accordance with 

be formed on a single IC chip, saving significant space the present invention; 

within the portable system. pjG. lO is a phase/clock timing diagram for the DC to DC 

Although the limit on charging current imposed by the converters shown in FIGS. 5 and 7; 

inductor improves the efficiency of the converter by avoid- FIG. 11 is a phase/clock timing diagram for the DC to DC 

mg certam energy losses in the charging capacitor, the converteis shown in FIGS. 6 and 8; 

output current of the converter is not so limited as in prior . . - 

, . 11 • f u- u ♦ * \ f FIG- 12 shows a schematic diagram of a positive output 

designs, allowing the provision of a high output current for _ ^ ^ _ _ ^ . , . j i_ . j 

EEPROM reoroerammine converter formed m accordance with a third 

^ . . ! . , , , « . embodiment of the present invention using several DC to 

TJe present invenUon also provides reduced fluctuations ^^^^^^^^ ^^^^^ connected in paraUel; and 

m the power supply output voltage (ripple voltage) when . ^ . 

several circuits 7re used in pa«lle to charge a single 13 is a phase/clock diagram for the DC to DC 

capacitor. converter of FIG. 12. 

Furthermore, an embodiment of the present invention DETAILED DESCRIPTION OF PREFERRED 

allows some transistor switches to be replaced with diodes EMBODIMENTS 

to simplify the circuit and improve efficiency by removing 4Q 

the necessity for multiple switching clocks. The terms "wafer" and "substrate" are used interchange- 
ably and are to be understood as including silicon, silicon- 

BRIEF DESCRIPTION OF THE DRAWINGS on-insulator (SOI) or silicon-on-sapphire (SOS) technology, 

The foregoing and other advantages and features of the ^^P^^ undoped semiconductors, epitaxial layers of 

invention will become more apparent from the detailed 45 silicon supported by a base semiconductor foundation, and 

description of the preferred embodiments of the invention ^^^^^ semiconductor structures. Furthermore, when refer- 

given below with reference to the accompanying drawings ^^^^ made to a "wafer" or "substrate" in the following 

in which: description, previous process steps may have been utilized 

no. m shows a schematic diagram of a prior art ^o form regions or junctions in the base semiranductor 

1 J J f J ^« structure or foundation. While the embodiments described 

smgle-ended forward converter; 50 . luuuuaiiwij. ▼ uiiw vmuvviiuiviiu, K^s^^^uy^ 

T^r^ . - ... o . . , herein are generally directed toward a +5 V or lower mput 

FIG. lib) shows a schematic diagram of a pnor art buck a- u ^ T u j ^- /t m-e \ 

( . A \ rt''t digital system based on one micron (1x10 meters) 

(Step-down) converter circuit; technology, the inventive concepts are equaUy applicable to 

FIG. 1(c) shows a schematic diagram of a pnor art boost integrated circuit technologies with other dimensions and 

(step-up) converter circuit; po^er supply voltages. 

no. 2 shows a schematic diagram of a prior art charge pj^g ^^^y^^^ illustrate three types of typical DC to DC 

pump arcuit; power supply converters used in electronic devices as a 

FIG. 3(fl) illustrates an exploded perspective view of an source of DC power. FIG. l{a) shows a single ended forward 

integrated circuit solenoidal inductor which may be used in converter 10 in which the input DC power 12 is chopped by 

the present invention; a control circuit 14 at a control transistor 16 to form a series 

FIG. 3(Z>) illustrates a fragmentary vertical cross-sectional of DC pulses which can be stepped up or down using a 

view of the integrated circuit solenoidal inductor of FIG. transformer 18 and then rectified by first and second recti- 

3(a); fiers 22 and 24. An inductor 26 and capacitor 28 are used to 

FIG. 3(c) illustrates a top view of an integrated circuit smooth out ripples in the output voltage, which is used to 

spiral inductor which may be used in the present invention; 65 power a load 32. 

FIG. 3(d) illustrates a fragmentary vertical cross-sectional FIG. 1(6) shows a typical buck converter 20. A control 

view of the integrated circuit spiral inductor of FIG. 3(c); transistor 34 is in series with the load 32 and the input 
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voltage can only be stepped down. The control circuit 14 and 402 directly to the lower plate of capacitor 412 while the 

the control transistor 34 chop the input DC power 12, and the upper plate of capacitor 412 is connected to capacitor 424 

chopped voltage is filtered by inductor 26, which operates as through inductor 418 and associated resistance 422, thereby 

a choke, and capacitor 28. The diode 36 clamps the chopped charging capacitor 424 to the output voltage V^,. The output 
voltage to maintain positive polarity. 5 voltage V^, is approximately doubled from the input volt- 

FIG. 1(c) shows a typical boost converter 30. A control age at DC power source 402, as the voltage from source 402 

transistor 16 is connected to the input DC power 12 with an adds to the voltage previously stored on capacitor 412 to 

inductor 42, and when the input vohage is chopped by the charge capacitor 424. The inductor 418, associated resis- 

control circuit 14, an alternating flyback voltage is gener- ^^nce 422 and capacitor 424 also act as an output filter 
ated. This flyback voltage is higher than the input voltage 10 smoothing out any ripples in the output voltage V^^ 

when rectified by diode 44 and filtered by the capacitor 28. In addition, if switches 408 and 414 are set to change 

This boost converter 30 can only step up the output voltage states when the inductor 404 current reaches zero and the 

to power the load 32. voltage across the capacitor 412 is at a maximum, no stored 

An alternate means known in the art ofproviding a limited energy will be lost in the inductor 404. By setting the 
range of voltages used in electronic equipment is the charge frequency of all switches according to this scheme, a low- 
pump circuit 50, illustrated in FIG, 2. An oscillator or ring inductance inductor of approximately 100 nH can be used 
oscillator circuit 54 drives the charge pump capacitor 58 inductor 404 with high frequency switches 408, 414 
through an amplifier 56. On the positive -going edge of the operating at 100 MHz or more to minimize eneigy loss and 
oscillator 54 waveform, the capacitor 58 charges through the improve the efficiency of the converter, 
diode 62 to a ground potential. On the negative -going edge FIG. 4{b) shows a schematic diagram of a negative output 
of the oscillator 54 waveform, the capacitor 58 is driven to DC converter 450. DC power source 402 is connected 
a negative voltage and the diode 66 conducts, charging the through inductor 404 having associated resistance 406 to 
output capacitor 68 to a negative output voltage, V^^. This one pole of switch 432. An upper plate of capacitor 412 is 
output V^^ is used as a back bias power supply or to convert also connected to switch 432 and the lower plate is con- 
logic pulses to ctu'rent pulses for phase-locked loop (PLL) nected to switch 434. Switch 432 connects inductor 404 to 
circuits. capacitor 412 or alternately connects capacitor 412 to 

The present invention combines elemeats from both con- ground. Switch 434 connects the capacitor 412 to ground or 

ventional DC to DC converter circuits and charge pump alternately connects capacitor 412 to an output filter includ- 

circuits to create a new class of DC to DC converters. FIG. 3^ an inductor 418, associated resistance 422 and a capaci- 

4(a) shows a first embodiment of the invention in which a tor 438. Capacitor 438 is connected between resistance 422 

switched capacitor 412 is arranged in a positive-output boost and ground. The output voltage V^, is the potential differ- 

converter configuration (discussed below in more detail). ^°ce across the capacitor 438 and is used to power an 

This configuration is used to step up the voltage level of external electronic component. 

source 402 while preserving the polarity of the input DC ^5 The negative output DC converter 450 shown in FIG. 4(b) 

power source (e.g., +5 V input is stepped up to +9V output). operates to produce an output voltage V^^, reversed in 

The present invention is not limited to boost converters or polarity relative to the voltage of the input DC source 402. 

non- inverting converters. FIG. 4(b) shows a second embodi- During the 'charging phase,' capacitor 412 is charged 

ment of the invention in which a switched capacitor is through the inductor 404 and associated resistance 406 by 
arranged in a negative output (inverting) buck converter ^ DC power source 402 when switches 432 and 434 are set to 

configuration in which the output voltage is lesser in mag- connect these components through to a ground potential, 

nitude and reversed in polarity (e.g., +5V input is stepped Thereafter, switches 432 and 434 change to a transfer state 

down and inverted to -3.3V output relative to the voltage to connect the upper plate of capacitor 412 directly to a 

level of DC source 402). The switched capacitor design ground potential and the lower plate of capacitor 412 to the 

common to all embodiments of the present invention can output filler including capacitor 438, inductor 418 and 

also be used in other configurations allowing any combina- associated resistance 422. This causes capacitor 438 to 

tion of voltage level and polarity output relative to a voltage charge to a voltage which is opposite in polarity to the source 

level and polarity of a DC source. voltage 402, i.e. to a negative voltage. The output voltage 

Referring to the positive output boost converter 400 of ^oun smoothed by the output filter, is thus reversed in 
FIG. 4(a), DC power source 402 is connected through an 50 polarity from the input voltage to the converter from source 

inductor 404 having an associated inductive resistance 406 402. Similar to the positive output converter, the frequency 

to one pole of switch 408. Switch 408 connects inductor 404 of the switches 432, 434 is set according to the inductance 

to capacitor 412 or alternately connects capacitor 412 to an value of the inductor 404 to minimize energy loss and 

output filter including inductor 418 having an associated improve efl&ciency. 

resistance 422 and, between resistance 422 and ground, 55 The switches 408 and 414 in FIG. 4(a) and switches 432 

capacitor 424. Switch 414 connects the opposite plate of and 434 in FIG. 4(b) change states in response to external 

capacitor 412 to ground or alternately to DC power source clock signals generated by an external controller which is 

402. Switches 408 and 414 alternate between states at a analogous to the control circuit 14 in the conventional boost 

frequency of about 100 MHz or more. The output voltage converter 30 shown in FIG. 1(c). The clock signals are sent 
is the potential difference across the capacitor 424 and 50 ^o each switch periodically in accordance with a clock 

is used to power an external electronic component. frequency of a constant value. 

During the 'charging phase,' the capacitor 412 is charged Because modem integrated circuit switches are designed 

through inductor 404 and associated resistance 406 by DC to operate at frequencies of 100 MHz or more, the induc- 

power source 402 when switches 408 and 414 are set to tance value of (he inductors 404, 418 required in the present 
connect these components through to ground potential in the 65 invention is significantly lower than conventional converters 

manner iUustrated in FIG. 4(a). Thereafter, switches 408 and which generally operate at a lower frequency. Inductance 

414 change to a "transfer" state to connect DC power source values on the order of micro Henrys (1x10*^ H) or higher are 
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required for conventional forward, buck, or boost convert- and 418 are integrated inductors, such as those illustrated in 

ers. Such large inductors and/or transformers (for forward FIGS. 3(fl)-(e), the entire converter 700 may be fabricated 

converters) are not compatible with CMOS integrated circuit on a single integrated circuit chip. 

processing. However, due to its high frequency operation, FIG. 8 shows a modification of the DC to DC converter 

the present invention requires inductance values on the order 5 of FIG. 7, where switches 485 and 487 of FIG. 7 have been 

of 100 nH (100x10^^ H), a difference of a factor often, replaced with diodes 488 and 492. Diodes are simpler 

which may be fabricated directly on a CMOS integrated devices than transistors, requiring no clock input, and thus 

circuit. dissipate minimal energy. However, a voltage drop occurs 

FIGS. 5 and 6 show schematic diagrams of two different across all diodes, robbing the circuit of some eflBciency. For 

specific implementations of the positive output converter 10 present invention, a voltage drop of 0.7V is assumed to 

depicted in FIG. 4(a). FIG. 5 shows a DC to DC converter occur across each diode 488, 492. Diode 456 provides a 

500 which is essentially the same as that depicted in FIG. closed path for any residual inductor currents and prevents 

4(fl), but with transistors 458, 462, 464, 466 used as the ^^^g^ negative voltages at switch 489. The converter 800 

switches 408. 414 of FIG. 4(a). Switches 458, 462, 464, and ^^^^ i° ™; hov^ev^T, is less complex and does not 

466 change states according to a three component clocking 15 f^^y^^^^^^^l^.^P^f clocte to generate extra clock signals. Note 

scheme represented by clock signals ((>„ {3, the timing of ^1^^°°^^ ^ ^^°f clock wuh clockmg scheme shown m FIG, 

.... V • ctV- ia • 1 y . 11 IS required to establish the frequency and phase of the 

which IS shown m FIG. 10. Hie miplementation shown m because the input to switch 491 is inverted 

FIG. 5 requires multiple clocks, mcreasmg circuit complex- ^^j^^^^ ^^^^j^ ^^^^^^^^ ^ dissipated 

ity and consummg arcuit power, hence reducmg the effi- ^^rough use of a simpler clock scheme. Also, if the inductors 

ciency of the converter. Diode 456 is a clamping diode 20 404 and 418 are integrated inductors, such as those iUus- 

which provides a closed path for any residual currents in trated in FIGS. 3(a)-(e), the entire converter 800 shown in 

inductor 404 and prevents large negative voltages at the piG. 8 may be fabricated on a single integrated circuit chip, 

switch 458 when the switch 458 turns off. Also, if the Another embodiment of the present invention, iUustrated 

inductors 404 and 418 are integrated inductors, such as those in piG. 12, provides reduced fluctuations in the power 

illustrated in FIGS. 3(flH^), the entire converter 500 shown 25 supply output voltage (ripple voltage) when several DC 

in FIG. 5 may be fabricated on a single integrated circuit converter circuits (constructed as described above) are used 

chip. in parallel to charge a single capacitor. For example, a 

One technique to increase the efficiency of the converter plurality (three shown) of DC converters 600 of FIG. 6 could 

is to replace some of the transistor switches with diodes, be connected in parallel, as shown in FIG. 12, each con- 

which conduct in only one direction and will function as 30 taining aD of the components of converter 600 except for the 

switches for the circuit of the present invention. FIG. 6 output capacitor 926 and ground. The clocking scheme of 

shows a modification of the output DC boost converter of the switches must be coordinated as shown in FIG. 13, i.e. 

FIG. 5, where switches 458 and 462 of FIG. 5 have been the first parallel circuit is clocked by the second parallel 

replaced with diodes 472 and 474. Diodes are simpler circuit is clocked by (t>5, and the third parallel circuit is 

devices than transistors, requiring no clock input, and thus 35 clocked by (t)^, as shown in FIG. 12. While <t>4, and (^^ have 

dissipate minimal energy. However, a voltage drop occurs t^e same clocking frequency, they are phase offset from one 

across all diodes, robbing the circuit of some efficiency. For another. Following the FIG. 13 clocking scheme, the parallel 

the present invention, a voltage drop of 0.7V is assumed to circuit is connected as shown in FIG. 12 such that each 

occur across each integrated circuit diode 472, 474. The circuit charges output capacitor 926 at different time periods, 

resulting converter 600 with diodes shown in FIG. 6, 40 thus reducing voltage fluctuations (ripple voltage) at the 

however, is less complex and does not require multiple output V^„,. 

clocks to generate extra clock signals. Note that only a single FIGS. 3(a) and 3(6) show a first integrated circuit inductor 

clock, with clocking scheme shown in FIG. U, is required which may be used for inductors 404, 418 in the present 

to establish the frequency and phase of the converter, invention, while FIGS. 3(c) and 3(d) show a second inte- 

because the input to switch 482 is inverted relative to switch 45 grated circuit inductor which may be used in the present 

478. In addition, less power is dissipated through use of a invention. FIG. 3(e) shows an alternate embodiment of the 

simpler clock scheme. Diode 456 provides a closed path for second integrated circuit inductor of FIGS. 3(c) and 3(d). 

any residual inductor currents and prevents large negative Although the present invention is not to be limited to the use 

voltages at switch 472. Also, if the inductors 404 and 418 are of such inductors, these IC inductors, which can be directly 

integrated inductors, such as those iUustrated in FIGS. 50 fabricated in an IC chip, offer additional space and power 

3{a)-(e)y the entire converter 600 shown in FIG. 6 may be density advantages over discrete inductors externally 

fabricated on a single integrated circuit chip. mounted to an IC chip. 

FIG. 7 shows a negative output DC converter 700 similar FIG. 3(fl) shows an exploded perspective view of a first 
to that depicted in FIG. 4(b), described above, with transis- integrated inductor formed from a solenoidal inductor pat- 
tors 484, 485, 486 and 487 used as switches. Switches 484, 55 tern 100. Solenoidal pattern 100 is made up of three verti- 
485, 486 and 487 change states according to a clocking cally stacked open conductive patterns 103, 106 and 109 
scheme represented by clock signals (t)i, ())3, the timing of coupled together by conductive segments 112 and 115. In the 
which is shown in FIG. 10. DC power source 402 charges embodiment shown in FIG. 3(a), each of the three open 
capacitor 412 through inductor 404 during the charging conductive pauerns 103, 106, 109 is an open rectangle, 
phase, and capacitor 438 is charged through inductor 418 to 60 However, the present invention is not limited to a particular 
output voltage V^, during the transfer phase. Diode 456 open pattern shape. Any shape or shapes that can be com- 
provides a closed path for any residual inductor currents and bined to form a device in which the voltage across the device 
prevents large negative voltages at switch 484. The imple- is proportional to the derivative of the current passing 
mentation shown in FIG. 7 requires multiple clocks with through the device is suitable for use in connection with the 
clocking scheme shown in FIG. 10, increasing circuit com- 65 present invention. 

plexity and consuming circuit power, hence somewhat Open conductive patterns 103, 106 and 109 are fabricated 

reducing the efficiency of the converter. If the inductors 404 from a conductive material. In one embodiment, open con- 
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ductive patterns 103, 106 and 109 are fabricated from 
copper. In alternate embodiments, they arc formed from 
gold, aluminum, silver, or an alloy of copper, gold, 
aluminum, or silver, or any combination of metals or alloys 
capable of conducting electric current. 

Also, open conductive patterns 103, 106 and 109 each 
have a cross-sectional area which varies directly with the 
current-carrying capacity and varies inversely with the resis- 
tance. In other words, as the cross-sectional area decreases, 
the resistance increases and the current carrying capacity of 
the open conductive patterns 103, 106, and 109 decreases. 
The cross sectional area of each pattern 103, 106, 109 is 
selected to ensure that it is capable of carrying the antici- 
pated operating current. 

Referring to FIG. 2(a), open conductive pattern 103 is 
coupled to open conductive pattern 106 by conductive 
segment 112, which is perpendicular to both open conduc- 
tive patterns 103 and 106. Similarly, open conductive pat- 
terns 106 and 109 are coupled by conductive segment 115, 
which is perpendicular to both open conductive patterns 106 
and 109. 

Each of the open conductive patterns 103, 106, and 109 
shown in FIG. 3(a) can be fabricated from a different 
material. For example, open conductive pattern 103 can be 
fabricated from aluminum, pattern 106 can be fabricated 
from copper, and pattern 109 from gold. This provides some 
flexibility for the inductor designer to control inductor 
characteristics, such as controlling heat generation by incor- 
porating higher conductivity material into specific sections 
of the inductor. In addition, the designer is able to control the 
location of particular materials to limit impurity migration, 
such as to avoid the incorporation of a barrier layer to protect 
a substrate from copper migration by instead locating any 
copper suflSciently far from the substrate. 

FIG. 3(b) shows a side view of a cross-sectional slice of 
solenoid inductor 100 fabricated on a substrate 203. The 
fabricated structure 200 includes magnetic material layers 
206, 212, 221, 233, open inductor patterns 103, 106, 109, 
and conductive segments 112, 115. Each of the layers, 
patterns and/or segments may be produced by chemical 
vapor deposition (CVD) or other processes for metallization, 
metal layering, and/or etching as is known in the art. 
Substrate 203 is preferably a semiconductor, such as silicon. 
Alternatively, substrate 203 is gallium arsenide, germanium, 
or some other substrate material suitable for use in the 
manufacturing of integrated circuits. 

FIGS. 3(c) and 3(^ depict a second integrated inductor 
with square spiral inductor pattern 140 which may be used 
as inductor 404, 418 in the invention. A first integrated 
inductor with a square spiral pattern 140 is shown in FIG. 
3(c). The pattern 140 need not be limited to a square spiral, 
but may instead be a circular spiral, polygonal spiral, or any 
contiguous open pattern fabricated f^om a conductive mate- 
rial. The square spiral inductor pattern 140 is preferred 
because it is easy to manufacture. Pattern 140 is also 
preferably fabricated firom a high-conductivity material such 
as copper, but may alternatively be formed from other 
conducting materials, such as gold, aluminum, silver, or an 
alloy of copper, gold, aluminum, or silver, or any combina- 
tion of metals or alloys capable of conducting electric 
ciu'rent. 

FIG. 3(^ shows a fragmentary vertical cross-sectional 
view of a second integrated inductor structure 300 using the 
square spiral inductor pattern 140. The square spiral inductor 
pattern 140 of FIG. 3(c) is included in the integrated 
inductor structure 300 as the square cross-sectional areas 
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230 in FIG. 3(d). Referring to FIG. 3(^, integrated inductor 
structure 300 is coupled to conducting path 220 through vias 
240 to peripheral connection 210. Inductor structure 300 is 
composed of several layers fabricated on substrate 302 and 
5 includes magnetic material layer 304, insulating layer 306, 
inductor pattern 230, second insulating layer 308, and sec- 
ond magnetic material layer 312. Each layer is formed on the 
layer below it through deposition or other processes known 
in the art. 

jQ Insulating layers 306 and 308 may be formed from 
inorganic silicon oxide film, silicon dioxide, or other inor- 
ganic insulating materials known in the art. In alternate 
embodiments designed for a low temperature processing 
environment, insulating layers 306 and 308 may be organic 
insulators, such as parylene and polyimide. 

Substrate 302 is preferably a semiconductor, such as 
silicon. Alternatively, substrate 302 is gallium arsenide, 
germanium, or some other substrate material suitable for use 
in the manufacturing of integrated circuits. Inductors 

2Q intended for use in circuits fabricated on a silicon substrate 
usually operate at a slightly lower frequency, hence requir- 
ing slightly larger inductance values, than inductors 
intended for use in circuits fabricated on a gallium arsenide 
substrate. A larger inductance value is usually realized in 

2^ silicon by having the inductor occupy a larger surface area. 
Rather than increasing the inductance value by occupying a 
larger surface area, a larger inductance value is here 
achieved by adding layers of magnetic material 304 and 312 
to the inductor. Magnetic material layers 304 and 312 allow 
the inductor to store a larger amount of energy in a smaller 
space, increasing the inductance value. 

Magnetic material layers 304 and 312 may be formed 
from a magnetic material selected according to the induc- 
tance requirement. In embodiments in which a large induc- 

35 tance value in a small volume is desired, a high permeability 
ferromagnetic material, such as pure iron or a NiFe alloy is 
selected. One example of such a high permeability alloy is 
an alloy of 81% Ni and 19% Fe. Electrically non-conducting 
films, such as a magnetic oxide film, may also be suitable for 

4Q use in the present invention. 

Locating magnetic material layers 304 and 312 above and 
below inductor pattern 230, respectively, allows the contri- 
bution of the magnetic material to the inductance value of 
the inductor to be precisely controlled. The thickness of the 

45 magnetic material layers 304 and 312 and the magnetic 
properties of the magnetic material define the inductance 
value of the inductor structure 300. In addition, magnetic 
material layers 304 and 312 confine the magnetic flux and 
noise radiated by current flowing in inductor pattern 230 to 

50 the area bounded by the outer surfaces of layers 304 and 312. 
By stacking sandwich structures, as well as multiple 
inductor patterns, a larger inductance can be created without 
increasing the surface area on the substrate occupied by the 
inductor, as shown in FIG. 3(e). Referring to FIG. 3(^), one 

55 embodiment of a double inductor stmcture 301 containing 
two inductors is shown. Double inductor structure 301 
includes base structure 305, first sandwich structure 310, 
second sandwich structure 315, and conducting path 320. 
Base structiue 305 includes substrate 325, magnetic material 

60 layer 330, and insulating layer 335. Sandwich structure 310 
includes inductor pattern 340, insulating layer 345, magnetic 
material layer 350, and insulating layer 355. Second sand- 
wich structure 315 includes inductor pattern 360, insulating 
layer 365, magnetic material layer 370, and insulating layer 

65 375. 

Conducting path 320 couples sandwich structure 310 to 
second sandwich structure 315, and serially connects indue- 
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tor pattern 340 to inductor pattern 360. A current flowing in terminal to said first capacitor through said charging 

the serially connected inductor patterns creates a reinforcing inductor during a charging phase, said first capacitor 

magnetic field in magnetic material layer 350. Magnetic being chained during said charging phase, said switch 

material layers 330 and 370 are located below inductor circuit coupling said first capacitor to said output 

pattern 340 and above inductor pattern 360, respectively. 5 terminal during a transfer phase whereby said first 

Magnetic material layers 330 and 370 confine the magnetic capacitor transfers charge to said output terminal, 

flux and noise radiated by a current flowing in inductor 2. The DC converter of claim 1 wherein said charging 

patterns 340 and 360 to the area bounded by the outer inductor has an inductance value less than about 1 micro 

surfaces of magnetic material layers 330 and 370. By Henry. 

stacking sandwich structures, in one embodiment a large lO 3. The DC converter of claim 1 wherein said switching 

inductance can be created without increasing the surface fi-equency and an inductance value of said charging inductor 

area occupied by the inductor on the substrate. are chosen such that there is substantially no current in said 

FIG. 9 illustrates a processor-based system 90, e.g. a charging inductor when said switch circuit transitions from 

computer system, which utilizes the DC— DC converter of said charging phase to said transfer phase, 
the present invention. The processor-based system 90 com- 15 4. The DC converter of claim 1 further comprising an 

prises a processor 94, a memory circuit 96, and an input/ output filter connected to said switch circuit and said output 

output (I/O) device 92. One or more of the components of terminal whereby said first capacitor transfers charge 

the processor-based system 90, for example, one or more of through said output filter to said output terminal during said 

the processor 94 and memory circuit 96, also includes a DC transfer phase. 

power source 97 connected to a ground potential and to a DC 20 5. The DC converter of claim 4 wherein said output filter 

to DC converter 98 constructed in accordance with the includes at least one output capacitor, 

present invention (see HGS. 4^ and 12). The memory 6. The DC converter of claim 4 wherein said output filter 

circuit 96 contains one or more of a random access memory includes at least one output inductor and at least one output 

(RAM), for example a DRAM, SRAM, SDRAM, or other capacitor. 

type of RAM known in the art, or a read only memory 25 7. The DC converter of claim 1 wherein said switch circuit 

(ROM), for example an EPROM, and EEPROM, flash includes a first switch connected to open or close a first 

memory, or other type of ROM known in the art. The connection between said input terminal and a positive plate 

processor 94 may be an embedded-memory processor in of said first capacitor, a second switch connected to open or 

which the memory circuit 96 is included on the same IC chip close a second connection between said positive plate and a 
as the processor 94. The DC to DC converter 98 may also be 30 ground potential, a third switch connected to open or close 

included on the same IC chip as either or both of the a third connection between a negative plate of said first 

processor 94 and memory circuit 96. capacitor and said ground potential, and a fourth switch 

TTie present invention provides a DC-DC converter with connected to open or close a fourth connection between said 

inductive current limiters to improve efficiency as well as negative plate and said output terminal, 

conserve valuable space using integrated components, 8. The DC converter of claim 7 wherein said first switch 

including integrated inductors. These improvements remove said second switch, said third switch and said fourth switch 

the need for bulky conventional inductors and improve are transistors. . , . « . . ^ 

power densities and thermal properties of the resulting ^- DC converter of claim 7 wherein said first switch 

device while simpUfying the circuit and aUowing higher and said second switch are transistors, and said third switch 

output currents, which can be used, for example, for said fourth switch are diodes. 

EEPROM reprogramming. Low voltage and low power 1^. The DC converter of claim 1 wherein said input 

consumption of the converter permits its implementation in voltage is between about -25 to +25 volts. 

battery-powered portable electronics. DC converter of claim 1 wherem said input 

iiTu-i ♦u • u u ^ 'u^A • ^^t^-i „ voltage is less than or equal to about +5 volts. 

While the mvention has been described m detail in ^^^t, r^^^ * c i • i u ■ j • 

r t u J- ♦ 1 ♦ ♦u 45 12. The DC converter of claim 1 wherein said input 

connection with the preierred embodiments known at the . . i . i_ * 

time, it should be readily understood that the invention is not °' ^""f}" f^l' ^"'l^- ^ . 

limited to such disclosed embodiments. For example, use of The DC converter of claim 1 wherem said chargi.« 

_ . . 1- J . .1. * / • 1 phase and said transfer phase do not overlap, 

the converter is not hmited to the computer system imple- -iA r^r> ^ c ^ - i ..,u^^^Z «k,™*«„ 

J u J 1- u * u • * A 14. The DC converter of claun 1 wherem said charging 

mentation descnbed above, but may be mcorporated any- ., j -. j* 

, , J J 15 ♦u i • 50 mductor IS an mtegrated circuit inductor, 

where multiple voltages are needed. Rather, the mvention ^ _ _ ^ c ^ ■ ia u • j * ♦j 

u j-c J * • * , u« ™ 15. The DC converter of claim 14 wherein said mtegrated 

can be modified to incorporate any number of variations, i • j • 

, • 1 * * * Circuit mductor is a spiral mductor. 

alterations, substitutions or equivalent arrangements not c x - u ■ a \.i^r^^f^A 

u * r J -u J L * L- 1? * ♦u 16. The DC converter of claim 14 wherein said mtegrated 

heretofore descnbed, but which are commensurate with the . -i j i_i . i ^ • i - j * 

, r.y! ' A J- 1 *u • Circuit mductor is a double-Stacked Spiral inductor, 

spintandscopeof the invention. Accordingly, the mvention ^^ JZ r^J^ ^ ^ i • i^ u • a-. *a 
_ , ^ 1- * ju *t- f ' A • *• L . 55 17. The DC converter of claun 14 wherem said mtegrated 

is not to be seen as lunited by the foregomg descnption, but -•.•■«.• i a t - a * 

1 1 J u *u c A A 1 ' Circuit mductor IS a solenoidal mductor. 

IS only lunited by the scope of the appended clauns. ^ o ^ r>/-. ^ r i • i u • .u 

What is claimL as new and desired to be protected by converter of clam. 1 wherem the component 

Letters Patent of the United States is: °^ ^"'^ ^"^^^'^^ ^"''"""'^ °° ""^^^"'^ 

1. A DC to DC power converter comprising: r i • i u • .u 

*^ . . . 60 19. The DC converter of claim 1 wherem the converter, 

an input terminal for receiving an input voltage; including said inductor, is fabricated on a single integrated 

a chaining inductor; circuit chip. 

an output terminal for outputting an output voluge dif- 20. The DC converter of claim 1 wherein the converter, 

ferenl from said input voltage; excluding said inductor, is fabricated on a single integrated 
a first capacitor; and 65 circuit chip. 

a switch circuit operating at a switching frequency of at 21. The DC converter of claim 8 or 9 wherein said 

least about 100 mega Hertz for coupling said input transistors are CMOS transistors. 
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22. The DC converter of claim 1 further comprising at 
least one control terminal for receiving at least one control 
signal, said switch circuit operating at said switching fre- 
quency in response to said at least one received control 
signal. 

23. A DC to DC power converter comprising: 
an input terminal for receiving an input voltage; 
a charging inductor; 

an output terminal for outputting an output voltage dif- 
ferent from said input voltage; 
a first capacitor; and 

a switch circuit operating at a switching frequency per- 
mitting said charging inductor to have an inductance 
value less than 1 micro Henry, said switch circuit 
coupling said input terminal to said first capacitor 
through said charging inductor during a charging phase, 
said first capacitor being charged during said charging 
phase, said switch circuit coupling said first capacitor 
to said output terminal during a transfer phase whereby 
said first capacitor transfers charge to said output 
terminal. 

24. The DC converter of claim 23 wherein said charging 
inductor has an inductance value of approximately 100 nH 
or less. 

25. The DC converter of claim 23 wherein said switching 
frequency is at least about 100 MHz. 

26. The DC converter of claim 23 wherein said switching 
frequency and an inductance value of said cbaiging inductor 
are chosen such that there is substantially no current in said 
charging inductor when said switch circuit transitions from 
said charging phase to said transfer phase. 

27. The DC converter of claim 23 further comprising an 
output filter connected to said switch circuit and said output 
terminal whereby said first capacitor transfers charge 
through said output filter to said output terminal during said 
transfer phase. 

28. The DC converter of claim 27 wherein said output 
filter includes at least one output capacitor. 

29. The DC converter of claim 27 wherein said output 
filter includes at least one output inductor and at least one 
output capacitor. 

30. The DC converter of claim 23 wherein said switch 
circuit includes a first switch connected to open or close a 
first connection between said input terminal and a positive 
plate of said first capacitor, a second switch connected to 
open or close a second connection between said positive 
plate and a ground potential, a third switch connected to 
open or close a third connection between a negative plate of 
said first capacitor and said ground potential, and a fourth 
switch connected to open or close a fourth connection 
between said negative plate and said output terminal. 

31. The DC converter of claim 30 wherein said first 
switch, said second switch, said third switch and said fourth 
switch are transistors. 

32. The DC converter of claim 30 wherein said first switch 
and said second switch are transistors, and said third switch 
and said fourth switch are diodes. 

33. The DC converter of claim 23 wherein said input 
voltage is between about -25 to +25 volts. 

34. The DC converter of claim 23 wherein said input 
voltage is less than or equal to about +5 volts. 

35. The DC converter of claim 23 wherein said input 
voltage is greater than or equal to about -5 volts. 

36. The DC converter of claim 23 wherein said charging 
inductor is an integrated circuit inductor. 

37. The DC converter of claim 36 wherein said integrated 
circuit inductor is a spiral inductor. 
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38. The DC converter of claim 36 wherein said integrated 
circuit inductor is a double-stacked spiral inductor. 

39. The DC converter of claim 36 wherein said integrated 
circuit inductor is a solenoidal inductor. 

40. The DC converter of claim 23 wherein the compo- 
nents of said converter are fabricated on at least one inte- 
grated circuit chip. 

41. The DC converter of claim 23 wherein the converter, 
including said inductor, is fabricated on a single integrated 
circuit chip. 

42. The DC converter of claim 23 wherein the converter, 
excluding said inductor, is fabricated on a single integrated 
circuit chip. 

43. The DC converter of claim 31 or 32 wherein said 
transistors are CMOS transistors. 

44. The DC converter of claim 23 further comprising at 
least one control terminal for receiving at least one control 
signal, said switch circuit operating at said switching fre- 
quency in response to said at least one received control 
signal. 

45. A DC to DC converter, comprising: 
a charge transfer capacitor; 

a terminal for receiving a DC source voltage; 
a ground connection; 

a first inductive circuit coupled to said terminal; 
a second inductive circuit; 

an output capacitor coupled between said second induc- 
tive circuit and said ground connection; 

a switch circuit operative in a first mode to couple said 
terminal through said first inductive circuit to a first 
plate of said charge transfer capacitor and to couple 
said ground connection to a second plate of said charge 
transfer capacitor to enable said charge transfer capaci- 
tor to be charged by a DC voltage applied to said 
terminal, said switch circuit being operative in a second 
mode to couple said first plate of said charge transfer 
capacitor to said second inductive circuit and to couple 
said second plate of said charge transfer capacitor to 
said terminal to enable said output capacitor to be 
charged by an additive DC voltage formed by a DC 
voltage at said terminal and a DC voltage on said 
charge transfer capacitor. 

46. A DC to DC converter, comprising: 
a charge transfer capacitor; 

a terminal for receiving a DC source voltage; 
a ground connection; 

a first inductive circuit coupled to said terminal; 
a second inductive circuit; 

an output capacitor coupled between said second induc- 
tive circuit and said ground connection; 

a switch circuit operative in a first mode to couple said 
terminal through said first inductive circuit to a first 
plate of said charge transfer capacitor and to couple 
said ground connection to a second plate of said charge 
transfer capacitor to enable said charge transfer capaci- 
tor to be charged by a DC voltage applied to said 
terminal, said switch circuit being operative in a second 
mode to couple said first plate of said charge transfer 
capacitor to said ground connection and to couple said 
second plate of said charge transfer capacitor to said 
second inductive circuit to enable said output capacitor 
to be charged by a DC voltage on said charge transfer 
capacitor. 

47. The DC to DC converter of claim 46 wherein said 
switch circuit includes a first switch connected to open or 
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close a first connection between said first inductive circuit 58. The processor-based system of claim 57 wherein said 

and said first plate of said charge transfer capacitor, a second first switch, said second switch, said third switch and said 

switch connected to open or close a second connection fourth switch are transistors. 

between said first plate of said charge transfer capacitor and 59 j^e processor-based system of claim 57 wherein said 

said ground connection, a third switch connected to open or 5 ^^^^^ ^^-^ ^^^^ ^^^^^ ^ .^^^^ said third 

close a third connection between said second plate of said ^^^^^ ^-^ ^^^^^ ^^^^^ transistors. 

charge transfer capacitor and said ground comiection, and a processor-based system of claim 52 wherein said 

fourth switch connected to open or close a lourth connection i_ ■ • 1 j n \ l * j . 

, , J 1 ♦ f J u ♦ <• switch circuit mcludes a first switch connected to open or 

between said second plate 01 said charge transier capacitor , _ . . . , . . , . 

and said secood inducUve circuit. ,o " '^'f'^'I'l '"P"' tennmal and a 

48. The DC to DC converter of claim 47 wherein said first P°sitive plate of said first capacitor, a second switch con- 
switch, said second switch, said third switch and said fourth >° 0P«^° °' ^^"^ second connection between said 
switch are transistors positive plate and a ground potential, a third switch con- 

49. The DC to DC converter ofclaim 47 wherein said first °ected to open or close a third connection between a 
switch and said second switch are transistors, and said third 15 negative plate of said first capacitor and said ground 
switch and said fourth switch are diodes. potential, and a fourth switch connected to open or close a 

50. The DC to DC converter of claim 46 further com- fourth connection between said negative plate and said 
prising at least one control terminal for receiving at least one output terminal. 

control signal, said switch circuit operating at a switching 61. The processor-based system of claim 60 wherein said 

frequency in response to said at least one received control 20 first switch, said second switch, said third switch and said 

signal. fourth switch are transistors. 

51. The DC to DC converter of claim 46 wherein the 52. The processor-based system of claim 60 wherein said 
components of said converter are fabricated on at least one ^j^i switch and said second switch are transistors, and said 
integrated circuit chip. thif^j s^t^h and said fourth switch are diodes. 

52. A processor-based system comprising: 25 63. The processor-based system of claim 52 wherein said 
a processor; and inpm voltage is between about -25 to +25 volts. 

an integrated circuit coupled to said processor, at least one 54 jhe processor-based system of claim 52 wherein said 

of said processor and said integrated circuit containing i^put voltage is less than or equal to about +5 volts, 

a DC power converter comprising: 55 -j^^ processor-based system of claim 52 wherein said 

an input terminal for receivmg an mput voltage; 30 ^^^^ ^^^^^^^ ^ ^^^^^^^ ^q^^l ^^^^^ _5 ^^^^ 

a charging mductor; . ,66. The processor-based system of claim 52 wherein said 

an output temiinal for outputtmg an output voltage ^^^^^^^ ^ 

different from said input voltage; ^^rJt u j . r 1 • m 1. • 
£ , J 67. The processor-based system of claun 52 wherein said 
a first capacitor; and l . ■ j • • j » • . j 
a switch circuit operating at a switching frequency of at 35 ^^^a^"! ?° integrated circuit inductor, 
least about 100 MHz for coupling said input terminal processor-based system of claim 52 wherein the 
to said first capacitor through said charging inductor excluding said mductor, is fabricated on a single 
during a charging phase, said first capacitor being "^^^f cu-cuit ^ P- ^ . • ^ , 
charged during said charging phase, ^he processor-based system of clami 52 further corn- 
said switch circuit coupling said first capacitor to said 40 P"s«ig at least one control termmal for receiving at least one 
output terminal during a transfer phase whereby said ^^S"'^' "^^^ T'^'"'^ 
first capacitor transfers charge to said output termi- frequency m response to said at least one received control 

nal e r gjgjjjj 

53. nie processor-based system of claim 52 wherein said "^^ processor-based system of claim 52 wherein the 
charging inductor has an inductance value less than about 1 45 components of said converter are fabncated on at least one 
micro Henry. mtegrated circuit chip. 

54. The processor-based system of claim 52 further com- '1- ^ processor-based system comprismg: 
prising an output filter connected to said switch circuit and ^ processor; and 

said output terminal whereby said first capacitor transfers an integrated circuit coupled to said processor, at least one 

charge through said output filter to said output terminal 50 of said processor and said integrated circuit containing 

during said transfer phase. a DC power converter comprising: 

55. The processor-based system of claim 54 wherein said an input terminal for receiving an input voltage; 
output filter includes at least one output capacitor. a charging inductor; 

56. The processor-based system of claim 54 wherein said an output terminal for outputting an output voltage 
output filter includes at least one output inductor and at least 55 different from said input voltage; 

one output capacitor. a first capacitor; and 

57. Tlie processor-based system of claim 52 wherein said a switch circuit operating at a switching fi-equency 
switch circuit includes a first switch connected to open or permitting said charging inductor to have an indue- 
close a first connection between said input terminal and a tance value less than 1 micro Henry, said switch 
positive plate of said first capacitor, a second switch con- 60 circuit coupling said input terminal to said first 
nected to open or close a second connection between said capacitor through said charging inductor during a 
positive plate and said output terminal, a third switch charging phase, said first capacitor being charged 
connected to open or close a third connection between a during said charging phase, 

negative plate of said first capacitor and a ground potential, said switch circuit coupling said first capacitor to said 

and a fourth switch connected to open or close a fourth 65 output terminal during a transfer phase whereby said 

connection between said negative plate and said input ter- first capacitor transfers charge to said output termi- 

minal. nal. 
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72. A method of voltage conversion, comprising the acts 
of: 

receiving an input voltage from an input terminal; 

outputting an output voltage different from said input 
voltage to an output terminal; s 

charging a first capacitor from said input terminal through 
a charging inductor during a charging phase; 

transferring charge from said first capacitor to said output 
terminal during a transfer phase; and 

alternating between said charging phase and said transfer lo 
phase at a switching frequency of about at least 100 
MHz using a switch circuit, said switch circuit coupUng 
said input terminal to said first capacitor through said 
charging inductor during said charging phase, and 
coupling said first capacitor to said output terminal 15 
during said transfer phase. 

73. The method of claim 72 wherein said charging induc- 
tor has an inductance value less than about 1 micro Henry. 

74. The method of claim 72 wherein said first capacitor 
transfers charge during said transfer phase through an output 20 
filter connected to said switch circuit and said output ter- 
minal. 

75. The method of claim 74 wherein said output filter 
includes at least one output capacitor. 

76. The method of claim 74 wherein said output filter 25 
includes at least one output inductor and at least one output 
capacitor. 

77. The method of claim 72 wherein said switch circuit 
includes a first switch connected to open or close a first 
connection between said input terminal and a positive plate 30 
of said first capacitor, a second switch connected to open or 
close a second connection between said positive plate and 
said output terminal, a third switch connected to open or 
close a third connection between a negative plate of said first 
capacitor and a ground potential, and a fourth switch con- 35 
nected to open or close a fourth connection between said 
negative plate and said input terminal. 

78. The method of claim 77 wherein said first switch, said 
second switch, said third switch and said fourth switch are 
transistors. 40 

79. The method of claim 77 wherein said first switch and 
said second switch are diodes, and said third switch and said 
fourth switch are transistors. 

80. The method of claim 72 wherein said switch circuit 
includes a first switch connected to open or close a first 45 
connection between said input terminal and a positive plate 

of said first capacitor, a second switch connected to open or 
close a second connection between said positive plate and a 
ground potential, a third switch connected to open or close 
a third connection between a negative plate of said first 50 
capacitor and said ground potential, and a fourth switch 
connected to open or close a fourth connection between said 
negative plate and said output terminal. 

81. The method of claim 80 wherein said first switch, said 
second switch, said third switch and said fourth switch are 55 
transistors. 

82. The method of claim 80 wherein said first switch and 
said second switch are transistors, and said third switch and 
said fourth switch are diodes. 

83. The method of claim 72 wherein said input voltage is 60 
between about -25 to +25 volts. 

84. The method of claim 72 wherein said input voltage is 
less than or equal to about +5 volts. 

85. The method of claim 72 wherein said input voltage is 
greater than or equal to about -5 volts. 65 

86. The method of claim 72 wherein said charging phase 
and said transfer phase do not overlap. 



87. The method of claim 72 wherein said charging induc- 
tor is an integrated circuit inductor. 

88. The method of claim 72 wherein said charging induc- 
tor is not an integrated circuit inductor. 

89. The method of claim 72 further comprising the acts of 
receiving at least one control signal and operating said 
switch circuit at said switching frequency in response to said 
at least one received control signal. 

90. The method of claim 72 wherein conversion is per- 
formed by at least one integrated circuit chip. 

91. A DC power converter comprising: 

an input terminal for receiving an input voltage; 
a charging inductor; 

an output terminal for outputting an output voltage dif- 
ferent from said input voltage; 
a first capacitor; and 

a switch circuit operating at a switching frequency of at 
least about 100 MHz for coupling said input terminal to 
said first capacitor through said charging inductor dur- 
ing a charging phase, said first capacitor being charged 
during said charging phase, said switch circuit coupling 
said first capacitor to said output terminal and uncou- 
pling said first capacitor from said input terminal 
during a transfer phase whereby said first capacitor 
transfers charge to said output terminal; 

wherein said switch circuit includes a first switch con- 
nected to open or close a first connection between said 
input terminal and a first plate of said first capacitor, a 
second switch connected to open or close a second 
connection between said first plate and said output 
terminal, a third switch connected to open or close a 
third connection between a second plate of said first 
capacitor and a ground potential, and a fourth switch 
connected to open or close a fourth connection between 
said second plate and said input terminal. 

92. The DC converter of claim 91 wherein said first 
switch, said second switch, said third switch and said fourth 
switch are transistors. 

93. The DC converter of claim 91 wherein said first switch 
and said second switch are diodes, and said third switch and 
said fourth switch are transistors. 

94. A DC power converter comprising: 

an input terminal for receiving an input voltage; 
a charging inductor; 

an output terminal for outputting an output voltage dif- 
ferent from said input voltage; 
a first capacitor; and 

a switch circuit operating at a switching frequency of at 
least about 100 MHz for coupling said input terminal to 
said first capacitor through said charging inductor dur- 
ing a charging phase, said first capacitor being charged 
during said charging phase, 

said switch circuit coupling said first capacitor to said 
output terminal during a transfer phase whereby said 
first capacitor transfers charge to said output terminal; 

wherein during said charging phase, said switch circuit 
connects said input terminal to a positive plate of said 
first capacitor and a negative plate of said first capacitor 
to a ground potential, and during said transfer phase, 
said switch circuit connects said negative plate to said 
input terminal and said positive plate to said output 
terminal. 

95. A DC power converter comprising: 

an input terminal for receiving an input voltage; 
a charging inductor; 
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an output terminal for outputting an output voltage dif- 
ferent from said input voltage; 
a first capacitor; and 

a switch circuit operating at a switching frequency of at 
least about 100 MHz for coupling said input terminal to ^ 
said first capacitor through said charging inductor dur- 
ing a charging phase, said first capacitor being charged 
during said charging phase, 

said switch circuit coupling said first capacitor to said 
output terminal during a transfer phase whereby said 
first capacitor transfers charge to said output terminal; 

wherein during said charging phase, said switch circuit 
connects said input terminal to a positive plate of said 
first capacitor and a negative plate of said first capacitor 15 
to a ground potential, and during said transfer phase, 
said switch circuit connects said positive plate to said 
ground potential and said negative plate to said output 
terminal. 

96. A DC power converter comprising: 20 
an input terminal for receiving an input voltage; 

a charging inductor; 

an output terminal for outputting an output voltage dif- 
ferent from said input voltage; 
a first capacitor; 

a switch circuit operating at a switching frequency of at 
least about 100 MHz for coupling said input terminal to 
said first capacitor through said charging inductor dur- 
ing a charging phase, said first capacitor being charged 
during said charging phase, 

said switch circuit coupling said first capacitor to said 
output terminal during a transfer phase whereby said 
first capacitor transfers charge to said output terminal; 
and 35 

at least a second charging circuit including at least a 
second capacitor and a second switch circuit connected 
in parallel with a first charging circuit including at least 
said first capacitor and said switch circuit, said switch 
circuits periodically connecting each of said parallel 40 
charging circuits to said output terminal. 

97. The DC power converter of claim 96 wherein said 
output terminal is alternately connected periodically to each 
of said parallel charging circuits at a frequency of at least 
about 100 MHz. 45 

98. A DC power converter comprising: 

an input terminal for receiving an input voltage; 
a charging inductor; 

an output terminal for outputting an output voltage dif- 
ferent from said input voltage; 
a first capacitor; and 

a switch circuit operating at a switching frequency per- 
mitting said charging inductor to have an inductance 
value less than 1 micro Henry, said switch circuit 
coupling said input terminal to said first capacitor 
through said charging inductor during a charging phase, 
said first capacitor being charged during said charging 
phase, 

said switch circuit coupUng said first capacitor to said go 
output terminal during a transfer phase whereby said 
first capacitor transfers charge to said output terminal; 

wherein said switch circuit includes a first switch con- 
nected to open or close a first connection between said 
input terminal and a positive plate of said first 65 
capacitor, a second switch connected to open or close 
a second connection between said positive plate and 
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said output terminal, a third switch connected to open 
or close a third connection between a negative plate of 
said first capacitor and a ground potential, and a fourth 
switch connected to open or close a fourth connection 
between said negative plate and said input terminal. 

99. The DC converter of claim 98 wherein said first 
switch, said second switch, said third switch and said fourth 
switch are transistors, 

100. The DC converter of claim 98 wherein said first 
switch and said second switch are diodes, and said third 
switch and said fourth switch are transistors. 

101. A DC power converter comprising: 

an input terminal for receiving an input voltage; 
a charging inductor; 

an output terminal for outputting an output voltage dif- 
ferent from said input voltage; 
a first capacitor; and 

a switch circuit operating at a switching frequency per- 
mitting said charging inductor to have an inductance 
value less than 1 micro Henry, said switch circuit 
coupling said input terminal to said first capacitor 
through said charging inductor during a charging phase, 
said first capacitor being charged during said charging 
phase, 

said switch circuit coupling said first capacitor to said 
output terminal during a transfer phase whereby said 
first capacitor transfers charge to said output terminal; 

wherein during said charging phase, said switch circuit 
connects said input terminal to a positive plate of said 
first capacitor and a negative plate of said first capacitor 
to a ground potential, and during said transfer phase, 
said switch circuit connects said negative plate to said 
input terminal and said positive plate to said output 
terminal. 

102. A DC power converter comprising: 

an input terminal for receiving an input voltage; 
a charging inductor; 

an output terminal for outputting an output voltage dif- 
ferent from said input voltage; 
a first capacitor; and 

a switch circuit operating at a switching frequency per- 
mitting said charging inductor to have an inductance 
value less than 1 micro Henry, said switch circuit 
coupling said input terminal to said first capacitor 
through said charging inductor during a charging phase, 
said first capacitor being charged during said charging 
phase, 

said switch circuit coupling said first capacitor to said 
output terminal during a transfer phase whereby said 
first capacitor transfers charge to said output terminal; 

wherein during said charging phase, said switch circuit 
connects said input terminal to a positive plate of said 
first capacitor and a negative plate of said first capacitor 
to a ground potential, and diu-ing said transfer phase, 
said switch circuit connects said positive plate to said 
groimd potential and said negative plate to said output 
terminal. 

103. A DC power converter comprising: 

an input terminal for receiving an input voltage; 
a charging inductor; 

an output terminal for outputting an output voltage dif- 
ferent from said input voltage; 
a first capacitor; and 

a switch circuit operating at a switching frequency per- 
mitting said charging inductor to have an inductance 
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value less than 1 micro Henry, said switch circuit 
coupling said input terminal to said first capacitor 
through said charging inductor during a charging phase, 
said first capacitor being charged during said charging 
phase, 5 

said switch circuit coupling said first capacitor to said 
output terminal during a transfer phase whereby said 
first capacitor transfers charge to said output terminal; 

wherein said charging phase and said transfer phase do 
not overlap. 

104. A DC power converter comprising: 

an input terminal for receiving an input voltage; 
a charging inductor; 

an output terminal for outputting an output voltage dif- 15 

ferent from said input voltage; 
a first capacitor; 

a switch circuit operating at a switching frequency per- 
mitting said charging inductor to have an inductance 
value less than 1 micro Henry, said switch circuit 
coupling said input terminal to said first capacitor 
through said charging inductor during a charging phase, 
said first capacitor being charged during said charging 
phase, 

25 

said switch circuit coupling said first capacitor to said 
output terminal during a transfer phase whereby said 
first capacitor transfers charge to said output terminal; 
and 

at least a second charging circuit including at least a 30 
second capacitor and a second switch circuit connected 
in parallel with a first charging circuit including at least 
said first capacitor and said switch circuit, said switch 
circuits periodically connecting each of said parallel 
charging circuits to said output terminal. 35 

105. The DC power converter of claim 104 wherein said 
output terminal is alternately connected periodically to each 
of said parallel charging circuits at a frequency of at least 
about 100 MHz. 

106. A DC to DC converter, comprising: 40 
a charge transfer capacitor; 
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a terminal for receiving a DC source voltage; 
a ground connection; 

a first inductive circuit coupled to said terminal; 
a second inductive circuit; 

an output capacitor coupled between said second induc- 
tive circuit and said ground connection; 

a switch circuit operative in a first mode to couple said 
terminal through said first inductive circuit to a first 
plate of said charge transfer capacitor and to couple 
said ground connection to a second plate of said charge 
transfer capacitor to enable said charge transfer capaci- 
tor to be charged by a DC voltage applied to said 
terminal, said switch circuit being operative in a second 
mode to couple said first plate of said charge transfer 
capacitor to said second inductive circuit and to couple 
said second plate of said charge transfer capacitor to 
said terminal to enable said output capacitor to be 
charged by an additive DC voltage formed by a DC 
voltage at said terminal and a DC voltage on said 
charge transfer capacitor, 

wherein said switch circuit includes a first switch con- 
nected to open or close a first connection between said 
first inductive circuit and said first plate of said charge 
transfer capacitor, a second switch connected to open or 
close a second connection between said first plate of 
said charge transfer capacitor and said second inductive 
circuit, a third switch connected to open or close a third 
connection between said second plate of said charge 
transfer capacitor and said ground connection, and a 
fourth switch connected to open or close a fourth 
connection between said second plate of said charge 
transfer capacitor and said terminal. 

107. The DC to DC converter of claim 106 wherein said 
first switch, said second switch, said third switch and said 
fourth switch are transistors. 

108. The DC to DC converter of claim 106 wherein said 
first switch and said second switch are diodes, and said third 
switch and said fourth switch are transistors. 
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ABSTRACT 



An unregulated inductorless direct current to direct current 
converter comprising a first voltage-to-current converter 
configured to convert a first voltage to a first current and a 
second voltage-to-current converter configured to convert a 
second voltage to a second current. A regulation circuit is 
coupled to the first and second voltage-to-current converters 
and configured to generate an output current proportional to 
the difference between the first and second currents. Also a 
variable frequency oscillator is coupled to the regulation 
circuit, the oscillator receiving as a control current the output 
current therefrom and outputting a clock signal having a 
firequency proportionate to the control current. The con- 
verter further comprises an output stage coupled to receive 
the clock signal and receiving an input vohage and output- 
ting an output voltage, the output voltage and the input 
voltage having a ratio that is determined by the clock signal. 

23 Claims, 2 Drawing Sheets 
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FREQUENCY CONTROL CIRCUIT FOR 

UNREGULATED INDUCTORLESS DC/DC « (3) 

CONVERTERS '<? = ♦/«»)• 2j 

i-i 

TECHNICAL HELD OF THE INVENTION s 

TTiis invention relates to DC/DC converters and more ^o minimize the qmescent current, a low clock frequency is 

particularly to a frequency control circuit for regulation of '^^ ^^"^^^ frequency needed to minimize 

an inductorless DC/DC converter. the quiescent current is counter to the high clock frequency 

' which IS needed to minimize the mternal resistance and the 

BACKGROUND OF THE INVENTION voltage ripple. Thus, it is impossible for the prior art to fulfill 

all four requirements because prior art devices run at a 

Unregulated inductorless DC/DC converters (i.e. charge constant frequency, 

pumps) are used to double, triple, or invert a voltage that is In the prior art, designers have generally compromised on 

supplied to the converter. These converters, however, do not conflicting performance characteristics and offered their 

generate a constant output voltage. An exemplary unregu- 15 <ievices with different operating frequencies, for example 1, 

lated converter comprises a clock generator or oscillator and consumers must choose to fulfill 

an array of power switches. FIG. lA, for example, shows a requirements while forfeiting others. For 

prior art unregulated voltage doubler 10. The voltage dou- ^^^^P^^' consumers can typically obtain the first three 

bier 10 is coupled to a clock generator, as shown in FIG. IB, requirements but at the expense of very costly, large external 

... f . 1 A J o *u ♦ • * • * *u capacitors which allow a small operatmg frequency. If the 

which generates a signdAandB that server 20 J^^^^^ ^^^^^^ , ^ ^ ^ ^^^^ 

voltage doubler 10 These siga will turn the midUple ^^^^^-^^^ smalf external capacitors can be utilised. If 

transistors Ml M2, M3, and M4 on as needed to double the ^^^^^^^ resistance and voltage ripple is not an issue, low 

voltage V^. When transistors M2 and Ml are turned on (i.e. frequency versions with small external capacitors can be 

during phase A when the signal is high), the capacitor C^will example of which is the MAX 828 or a like device, 

be charged to the voltage V,.„. When transistors M3 and M4 25 Thus, what is needed is a design that will provide efficient 

are turned on (i.e. during phase B when the signal is high), and cost effective operation by meeting all four of the 

the capacitor which is already charged to the voltage V,„, requirements. 

will be put in series to the input voltage, V and the ou^ut SUMMARY OF TOE INVENTION 
capacitor, C^, will be charged up to twice the voltage V,„. 

In order for the converter to woik most efficiently and to 30 . These and other problems are generally solved or 

be cost effective, there are four independent requirements "^^'^^rf^ . g^n^iMy 

- ^ . \ f • 1 J i\ n achieved, by the present mvention that is a frequency control 

that must be met. These requu-emente include 1) a small ^^^^^ unreglilated inductorless DC/DC^nverters. 

mternal resistance (i.e. a low voltage drop at full load), 2) a , c j uj- * .ujr.u 

, . . 1. • 1 * ii 11 f J 4\ 1 • * 1° a preferred embodiment method of the present 

low output voltage ripple at full load, 3) a low qmescent . . *^ j-* .* 

* J ..\ 11 J • • / 1 * invention, an unregulated mductorless du-ect current to 

ciu'rent, and 4) small and mexpensive external components 35 ' . « ♦ u . * 

/• \ • * 1 • . n c J * duect cuFTent converter comprises a first voltage-to-current 

(i.e. capacitors). The mternal resistance R« of an mductor- , ^ j» ♦c»u * a . 

1 . • . 1. J i-i I- 1 1 ^ J converter configured to convert a first voltage to a first 

less transistor SC voltage doubler can be calculated as: * j j n ♦ . c j 

* current and a second voltage-to-current converter configured 

to convert a second voltage to a second current. A regulation 
_ ^ + 2 * y Rm! 40 ^^^^^^ ^ coupled to the first and second voltage-to-current 

Cf * fctk ^ ' converters and configured to generate an output current 

proportional to the difference between the first and second 
currents. The unregulated inductorless direct current to 
were Cy=pump or "flying'' capacitor, f^^^clock firequency, direct current converter further comprises a variable fre- 
andR;v^-ON-resistanceofswitchMf. Thus, to minimize the ^^^^^^y oscillator coupled to the regulation circuit, the 
mternal resistance R,^, a high clock frequency i^^^ and/or a oscillator receiving as a control current the output current 
large flying capacitor C^is needed. The output voltage ripple therefi-om and outputting a clock signal having a fi-equency 
is represented by: proportionate to the control current; and an output stage 

coupled to receive the clock signal and receiving an input 
Vripple = ^ , voltage and outputting an output voltage, the output voltage 

2 » CouT * fdk and the input voltage having a ratio that is determined by the 

clock signal. 

where V^^^^^^ouput voltage ripple, C^t/T-output One advantage of a preferred embodiment of the present 
capacitance, and I^aAz>=load current. To minimize the out- invention is that it provides a variable frequency to provide 
put voltage ripple, then, a high clock frequency and/or a 55 small internal resistance, low output voltage npple and 
large output capacitance is needed. quiescent current while aUowing for small external capaci- 

Since the Power MOSFETS in the converter periodically ^^^s. 
have to change states, their gates periodically need to be Another advantage of a preferred embodiment of the 
charged and discharged. The gates of all power transistors in present invention is that it defines a frequency sweep range 
the converter can be seen as a capacitor which needs to be 60 ^h^^ increases efficiency and decreases power loss, 
charged to the input voltage and discharged to ground. When Yet another advantage of a preferred embodiment of the 
a capacitor is charged from zero to any other voltage, half of present invention is that it provides for a cost effective 
the energy gets lost. Compared to an inductive converter, a device by allowing for the use of cheaper external compo- 
Charge Pump has higher switching losses from the gate nents. 

capacitances of the power transistors, since there are more 65 A further advantage of a preferred embodiment of the 
transistors to control. These losses are represented by a present invention is that it can flexibly operate with a variety 
quiescent current: of external components. 
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The foregoing has outlined rather broadly the features and inverter 36 that converts the first current I^^^ to an inverted 

technical advantages of the present invention in order that current I^^^v^ The first current I^^^ is inverted because the 

the detailed description of the invention that follows may be converters 32 and 34 each produce sink currents that cannot 

better understood. Additional features and advantages of the be compared. The inverter 36, then, facilitates the produc- 

invention will be described hereinafter, which form the 5 tion of *e inverted current (i.e. a source current) that 

subject of the claims of the invention. It should be appre- compared to the second current (i.e. a sink 

ciated by those skiUed in the art that the concepts and current). The inverter 36 and second voltage-to-current 

specific embodiments disclosed may be readily utilized as a converter 34 are a)upled to a regulation cir^^^^ that is in 

basis for modifying or designing other structures or pro- turn coupled to the VFO 24 (shown in FIG. 2). 

cesses for carrying out the same purposes of the present lO . regulation circuit 38 measures the ratio between the 

invention. It should also be realized by those skilled in the ^P^^ f ^P"^ ''^^^^f 1 t/i.n^YT'' Respectively, and 

art that such equivalent constructions do not depart from the ^^^^^ f^^ ^^^"^ 24 to facilitate a small 

• J r.i^ • *• ^r^u- *iu J -1 internal resistance, low output voltage npple at full load, and 

spmt and scope of the invenUon as set forth id the appended ^^j^^^, ^ ^^>^ 

clamis. inexpensive external capacitors. At light loads, the magni- 

RPTFF nP^JrPTPTTOM OF THF DR AWTNfiS °^^P^^ voltage is at or close to the magnitude of 

BRIEF DESCRIPTION OF THE DRAWINGS ^^^^ ^^^^^^^ ^^^^ j^^^ ^^^^^^ ^ ^^^j ^^^^^ 

For a more complete understanding of the present problem to run vsdth a low firequency even with small 

invention, and the advantages thereof, reference is now external capacitors. As shown by equation (3), the quiescent 

made to the following descriptions taken in conjunction with current I^ would be minimal because of the low firequency. 

the accompanying figures, in which: Also the voltage ripple is minimized, in view of equation (2), 

r^^^o 1 A in ti . . ^ u J * because the small load current ofl&ets the low clock fre- 

nCS. lA-lB Illustrate a pnor art charge pump and its ^^^^^ ^^^y ^^^p^^ capacitance (produced by the small 

pnnciple of operation; external capacitors). The resistance is not an issue because 

FIG. 2 is a simple block diagram of the present invention; only a small percentage of voltage is lost since the load 

FIG. 3 is a block diagram of a preferred embodiment of 25 current is small and the product of load current and internal 

the present invention; and resistance is small as well. 

FIG. 4 is a schematic of a preferred embodiment of the However, when the load cu^ent increases, the output 

Diesent invention voltage tends to drop; thus the difference between the output 

voltage and input voltage increases as well. To compensate 

DETAILED DESCRIPTION OF THE 30 reduction in output voltage, the regulation circuit 38 

PREFERRED EMBODIMENT signals the VFO 24 to run faster and thus run the output stage 

(i.e. converter) at an efiScient level. At full load current the 

The making and using of the presently preferred embodi- quiescent current is not an issue because it is just a small 

ment is discussed in detail below. It should be appreciated, percentage of the load current and therefore generates only 

however, that the present invention provides many appli- a smaU degradation of the efficiency. Thus the system runs 

cable inventive concepts that can be embodied in a wide vsdth maximum frequency to guarantee a small internal 

variety of specific contexts. The specific embodiments dis- resistance and a low output voltage ripple. The VFO 24 is 

cussed are merely illustrative and do not limit the scope of coupled to an output stage that will provide the desired 

the invention. output as dictated by the application in which the device is 

FIG. 2 is a simple block diagram of an inductorless used. 

DC/DC converter 20 implementing a frequency control FIG. 4 is a schematic of a preferred embodiment of the 

circuit of the present invention. The converter 20 includes a present invention. The first voltage-to-current converter 32 

frequency control circuit 22 coupled to a variable fi-equency comprises a first transistor MNl and a second transistor 

oscillator (VFO) 24 to control the frequency of a charge MN2. The first and second transistors MNl, MN2 have gate 

pump output stage 26. The frequency control circuit 22 45 nodes 40 that are coupled together and source nodes 42 that 

measures an input voltage V^ and output voltage V^„, from are tied to a ground node GND. The second transistor MN2 

the charge pump output stage 26 and controls the frequency is coupled to the inverter 36, represented in this preferred 

of the oscillator 24 utilizing the ratio of the input voltage V^ embodiment as a current mirror comprising two PMOS 

to the output voltage V^,. transistors MPl and MP2, A first resistor Rl is coupled 

FIG. 3 is a block diagram of a preferred embodiment 50 between the first transistor MNl and an input node 44 that 

frequency control circuit 22 of the present invention. The receives the input voltage V^„. 

frequency control circuit 22 comprises a first voltage-to- The matched second voltage-to-current converter 34 com- 

current converter 32 and a second voltage-to-current con- prises a third transistor MNll and a fourth transistor MN12 

verter 34. An input voltage V,-„ and output voltage V^, of the having gate nodes 46 that are coupled together and source 

charge pump output stage 26 are input into the first and 55 nodes 48 that are tied to the ground node GND. A second 

second voltage-to-currcnt converters 32 and 34. The resistor Rll is coupled between the third transistor and the 

voltage-to-current converters 32 and 34 are matched, i.e. output node 50 that receives the output voltage V^. The 

they are identical in structure and function in order to second resistor Rll is preferably matched in value to the first 

provide accurate measurement of the ratio between the input resistor Rl. If, for example, first resistor Rl is smaller than 

voltage V^ and the output voltage V^,. second resistor Rll, then second resistor Rll will produce 

The input voltage V^ is input into the first voltage-to- an additional ofl&et current which should not be generated 

current converter 32 and the output voltage V^, is input into when the input voltage is equal to the output voltage (i.e. 

the second voltage-to-current converter 34. The input and there is no load current). The additional offset current will 

output voltages, V^ and V^, are converted to first and operate as a load current and cause the firequency control 

second currents I^^j and I^_), respectively, which are propor- 65 circuit 22 to operate improperly. 

tional in magnitude to their corresponding voltages. The first The inverter 36 produces the inverted current Ij>,^ The 

voltage-to-current converter 32, however, is connected to an inverted current l^j^ and second current I^.^ are summed to 
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produce a net current I„^,. Because the inverted current the present application is not intended to be limited to the 

and second current \^_^ are of a magnitude that is propor- particular embodiments of the process, manufacture, means, 

tional to their respective voltages, the net current I^, is of a methods and steps described in the specification. As one of 

magnitude that represents the difference of the input and ordinary skill in the art will readily appreciate from the 
output voltages and V^,. 5 disclosure of the present invention, processes, machines. 

The net current is input into a preferred embodiment manufacture, compositions of matter, means, methods, or 

regulation circuit 38 that comprises multiple transistors, steps, presently existing or later to be developed, that 

MN3-MN7 and MP3. The net current I^, is formed on the perform substantially the same function or achieve substan- 

drain of transistor MN3. The regulation circuit 38 further ^ally the same result as the corresponding embodiments 

comprises current sources that represent a maximum current described herein may be utilized according to the present 

Imox and a minimum current that will be provided to the invention. Accordingly, the appended claims are intended to 

VFO 24. The minimum and maximum currents I^^ and include within their scope such processes, machines, 

provide the frequency sweep range of the VFO 24 that manufacture, compositions of matter, means, methods, or 

allows the converter to run efiBciently with decreased loss of steps, 

energy. The frequency of the VFO 24 is limited to a What is claimed is: 

minimum frequency where the input and output voltages I unregulated inductorless direct current to direct 

and V^, are equal, that is the net current 1^, is zero. If there current converter comprising: 

was no designed minimum frequency, the VFO 24 would . n ♦ * * c j * _* 

■11 u .u * . T .r, . a first voltage-to^current converter configured to convert 

stop osciUaUng when the net current I was zero. Curren ^ ^ ^^f ^ ^ 

source 52 prevents this by supplymg the mimmum current 

I^^. The VFO 24 is also limited to a maximum frequency to ^ ^^^"^ voltage-to-current converter configured to con- 
prevent the VFO 24 from running at frequencies at which no ^^'"^ ^ voltage to a second current; 
benefits are gained in efficiency and energy is loss. a regulation circuit coupled to the first and second 
Transistor MN5 is coupled to transistor MN3 to form a voltage-to-current converters and configured to gener- 
current mirror. Transistor MN5 operates to add the net 25 ^ °^^P^^ current proportional to the difference 
current I^, to the minimum current 1„^. The resulting between the first and second currents; 
current is the control current I^^^ that is provided to run the a variable frequency oscillator coupled to the regulation 
VFO 24 at a rate that is proportional in magnitude to the ratio circuit, the oscillator receiving as a control current the 
of the input and output voltages V^ and V^,. Transistor output current therefrom and outputting a clock signal 
MN3 also forms a current mirror with transistor MN4. If 30 having a frequency proportionate to the control current; 
transistors MN3 and MN4 are the same size, then the current and 

on the drain of transistor MN4 is the same as that on an output stage coupled to receive the clock signal and 

transistor MN3. Thus, the net current I^, is mirrored onto receiving an input voltage and outputting an output 

the drain of transistor MN4. The drain of transistor MN4 is voltage, the output voltage and the input voltage having 

coupled to the gate of transistor MP3 allowing the net 35 a ratio that is determined by the clock signal, 

current I^, to be compared with the maximum current I„^. 2. The converter of claim 1 wherein the first voltage is the 

If the net current I^, is bigger than the maximum current j^put voltage of the output stage land the second voltage is 

I^, then the gate of transistor MP3 becomes negative with output voltage of the output stage, 

respect to its source, MP3 switches on and turns on transistor 3. The converter of claim 1 wherein the first current is 
MN6 (i.e. forces current via transistor MN6). Transistor 40 inverted before it is input into the regulation circuit. 

MN6 turns on transistor MN7 that in turn sinks a portion of 4 The converter of claim 3 wherein the inverter com- 

the net current I^, from transistor MN3 such that the prises a current mirror. 

addition of the net current I^, and the minimum current I„^ 5. The converter of claim 1 wherein the first voltage-to- 

never exceeds the maximum current I^^. In a preferred current converter comprises: 

embodiment, the VFO 24 minimum frequency is 50 khz and 45 ^ transistor and a second transistor having gate nodes 

maxmium frequency is 500 khz. ^^pj^^ ^^^^^^^ ^^^^^ ^^^^^ ^ g^^„d 

Furthermore, the size of transistors MN3 and MN5 can be node- and 

chosen to provide the necessary control loop sensitivity for . / 1 j u *, .^^^ . • * a - 

^. 1 *. ■ j£ .1. \n^r\ '■tA * a resistor coupled between the first transistor and an mput 

the regulation circuit 38. If the VFO 24 sensiUvity is not ^ *u * • .u ♦ * u 

-.u *i. ■* f *u 1 ■ Dode that receives the mput voltage; 

compatible with the sensitivity of the regulation cu-cuit 38 50 ^ . . , . . ^ 

(i.e. the VFO 24 can not detect the changes in control current whereby the first current is pioporUonal m magmtude to 

produced by the regulation circuit 38), the net current can be ^® ^^^^ voltage. 

amplified by a factor necessary to provide correct operation. ^ The converter of claun 5 wherem the second voUage- 

For example, by choosing the size of transistor MN5 to be to-current converter compnses: 

5 times the size of MN3, then the sensitivity of the regulation 55 a third transistor and a fourth transistor having gate nodes 

circuit is increased by a factor of5. Thus, the bigger the size coupled together and source nodes tied to a ground 

of MN5, the smaller the output voltage drop you need for the node; and 

same frequency modulation. However, caution must be a resistor coupled between the third transistor and an 

taken in matching the voltage-to-current converters 32 and output node that receives the output voltage; 
34 to ensure that the sensitivity of the regulation circuit 38 60 whereby the second current is proportional in magnitude 

is not bigger than a matching error, otherwise the frequency to the output voltage. 

control circuit 22 will not operate correctly. 7. The converter of claim 1 wherein the first and second 

Although the present invention and its advantages have voltage-to-current converters are matched converters, 

been described in detail, it should be understood that various 8. The converter of claim 1 further comprising a maxi- 
cbanges, substitutions and alterations can be made herein 65 mum current source that generates a maximum current, 

without departing from the spirit and scope of the invention 9. The converter of claim 8 further comprising a minimum 

as defined by the appended claims. Moreover, the scope of current source that generates a minimum current. 
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10. The converter of claim 9 wherein the regulation circuit a third transistor and a fourth transistor having gate nodes 
compares the maximum current and the control current coupled together and source nodes tied to a ground 
which controls the frequency of the variable frequency node; and 

oscillator to limit the control current to a value that is less i^u^, .u^uj* j 

1 » .u * u ♦ * *u ^ a resistor coupled between the third transistor and an 

than or equal to the maxunum current but greater than the 5 ^ . 

minimum current. ^^""^ '^^^^^^ ^^^P"^ ^^^^^S^' 

11. The converter of claim 1 wherein the regulation circuit whereby the second current is proportional in magnitude 
comprises multiple transistors to control the sensitivity of to the output voltage. 

the variable frequency oscillator. 16. The circuit of claim 13 wherein the first and second 

12. The converter of claim 9 wherein the maximum and lO voltage-to-cuirrent converters are matched converters, 
minimum currents define the frequency sweep range of the 17. The circuit of claim 13 wherein the regulation circuit 
variable frequency oscillator. comprises multiple transistors to control the sensitivity of 

13. A control circuit for a variable frequency oscillator the variable frequency oscillator. 

compnsmg: circuit of claim 13 further comprising an inverter 

a first voltage-to-current converter configured to convert ^5 inverts the first current before the first current is input 

a first voltage to a first current; into the regulation circuit, 

a second voltage -to-current converter configured to con- 19, The circuit of claim 18 wherein the inverter comprises 

vert a second voltage to a second current; and a current mirror, 

a regulation circuit coupled to the first and second ^0. The circuit of claim 13 further comprising a maximum 

voltage-to-current converters and configured to gener- current source that generates a maximum current. 

ate an output current proportional to the difference 21. The circuit of claim 20 further comprising a minimum 

between the first and second currents. current source that generates a minimiun current. 

14. The circuit of claim 13 wherein the first voltage-to- 22. The converter of claim 21 wherein the regulation 
current converter comprises: 25 circuit compares the maximum current and the control 

a first transistor and a second transistor having gate nodes current which controls the frequency of the variable fre- 

coupled together and source nodes tied to a ground quency oscillator to limit the control current to a value that 

node; and is less than or equal to the maximum current but greater than 

a resistor coupled between the first transistor and an input the minimum current, 

node that receives the input voltage; 30 23. The circuit of claim 21 wherein the maximum and 

whereby the first current is proportional in magnitude of minimum currents define the frequency sweep range of the 

the input voltage. variable frequency oscillator. 

15. The circuit of claim 13 wherein the second voltage- 
to-current converter comprises: ♦ ♦ * ♦ ♦ 
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RING OSCILLATOR USING CURRENT 
MIRROR INVERTER STAGES 

Matter enclosed in heavy brackets [ ] appears in the 
originaJ patent but forms no part of this reissue specifi- 
cation; matter printed in italics indicates the additions 
made by reissue. 

HELD OF THE INVENTION 

This invention relates to an oscillator and more particu- 
larly to a ring oscillator. 

BACKGROUND OF THE INVENTION 

New manufacturing processes and new applications are 
forcing power supplies to lower voltages (3.3 v now, with 
2.4 V and 1.5 v being expected soon). Advanced Phase- 
Locked Loops require stable oscillators which may be varied 
in frequency by a control signal. 

To help achieve frequency stability, oscillators integrated 
into a noisy VLSI environment often use a regulator to 
generate a quiet power supply. This usually has to be at an 
even lower voltage than the normal power supply. 

There is thus a desire to provide oscillators which can 
work at these very low supply voltages and still produce 
high quality, high frequency output signals. 

Reference is made to IBM Technical Disclosure Bulletin, 
Vol. 31, No. 2, July 1988, pages 154 to 156 "CMOS Ring 
Oscillator with controlled frequency" which describes a ring 
oscillator using CMOS transistors and is designed to give an 
almost sinusoidal output. This design suffers from stability 
problems outside a narrow range of frequencies. In 
particular, as the frequency increases, the amplitude 
decreases and it becomes difGcult to convert the signal to 
CMOS levels. 

SUMMARY OF THE INVENTION 

According to the present invention there is provided a ring 
oscillator comprising a plurality of oscillator stages, each 
stage comprising a first and second transistors. The first 
transistor has a controllable path connected between an 
output node and a reference voltage and a control node 
acting as an input node to the stage. The second transistor 
has a controllable path connected between the output node 
and the reference voltage and a control node connected to 
the output node. The gain of each stage is selectively 
determined by the ratio of the widths of the first and second 
transistors to produce an output signal having a sawtooth or 
trapezoidal waveform. Each stage further comprise a respec- 
tive current source which controls the speed of the stage and 
which is connected to the output node. The input node of one 
stage is connected to the output node of a preceding stage to 
form a ring and the number of stages is selected so that there 
is a total phase shift of 360° around the ring at the frequency 
of operation. 

For transistors of the same length, the width of the first 
transistor can be set to m times the width of the second 
transistor where m>l to determine the d.c. gain of the stage. 
This ratio m determines the shape of the waveform output by 
the oscillator. The higher the value of m, the more the 
waveform moves away from a sinusoid. For a three stage 
oscillator, a ratio of m close to 2 produces a substantiaUy 
sinusoidal output. The present invention uses a ratio higher 
than 2 and preferably with a minimum value of 2.5. In 
practice the smallest value that can be selected to provide an 
appropriately shaped waveform will be selected. The maxi- 



37,124 E 

2 

mum value of m is limited by practical considerations and 
particularly layout considerations. A practical maximum 
value for m is likely to be about 10. 

The first and second transistors can be n-channel field 
5 effect devices having a gate as the control node and the 
source-drain path as the controllable path. As the transistors 
are of the same type, process variations affect the transistors 
in the same manner. The maximum frequency of operation 
is limited only by the ratio of gain to gate capacitance. 

The current source can comprise a p-channel transistor 
gated by a control voltage. 

The first transistor is preferably operated in its saturation 
region. 

15 The current sources of each stage can either be controlled 
by a common control signal or by respective different 
control signals. 

The present osciUator can operate at voltages down to a 
level just above the threshold voltages of the transistors. 

^0 For a better understanding of the present invention and to 
show how the same may be carried into effect, reference will 
now be made by way of example to the accompanying 
drawings. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram of a low-voltage inverting gain 
stage in MOS technology; 

FIG. la is a circuit diagram of an implementation of a 
30 current source; 

FIG. 2 is a circuit diagram of a low-voltage inverting gain 
stage in bipolar technology; 

FIG. 3 is a diagram showing the transistor structure of a 

ring oscillator; 
FIG. 4 is an equivalent logical schematic for FIG. 3; and 
FIG. 5 shows typical waveforms for the 3-stage ring 

oscillator of FIGS. 3 and 4. 

DESCRIPTION OF THE PREFERRED 
^ EMBODIMENT 

FIG. 1 shows a low-voltage inverting gain stage in MOS 
technology. The stage comprises first and second transistors 
Tl, T2 which have their drains connected together and their 

45 sources connected to ground. The gate of the first transistor 
Tl acts as the input S^,, for the stage and the gate of the 
second transistor T2 acts as the output S^^ The gate of the 
second transistor T2 is connected to its drain. Each stage is 
controlled by a control current I which is generated by a 

50 current source 2. The current source 2 is connected between 
a supply voltage Vcc and the drains of the first and second 
transistors T1,T2. The common node between the current 
source 2 and the drains of the transistors Tl and T2 is 
denoted 4. As shown in FIG. la, the current source 2 can 

55 comprise a p-channel MOS field effect transistor T3 with its 
source/drain path connected between the supply voltage Vcc 
and the node 4 and its gate connected to receive a control 
signal V which is taken with respect to the supply voltage 
Vcc. In the following discussion, it will readily be apparent 

60 that where reference is made to the control current I, this can 
be taken in practice as being derived from the control 
voltage V. The stage also has capacitance C, the largest 
component of which is the gate capacitance of the transistors 
connected to the output S^,. 

65 The ratio of gains of the transistors T1,T2 is indicated as 
"m". The value of m controls the relative charge and 
discharge rates of the output mode S^^ and thus determines 
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the gain of the stage. The speed of the stage (and thus the 
phaseshift at the frequency of operation) is readily con- 
trolled by varying the current I supplied by the current 
source 2. 

FIG. 2 shows the low-voltage inverting gain stage in 
bipolar technology. This also has excellent low-voltage 
operation characteristics and the speed can be controlled 
using a current source 2 in precisely the sanae way. Although 
the rest of this specification refers to MOS circuits, it should 
be understood that the same idea can easily be applied to 
bipolar technology. 

In FIG. 2, the first and second transistors are denoted 11' 
and T2' and are connected in the same way as for FIG. 1, 
where gates correspond to bases, drains correspond to col- 
lectors and sources correspond to emitters. 

FIG. 3 illustrates a 3-stage ring oscillator, the three stages 
being denoted S1,S2,S3. Each stage S1,S2,S3 is as illxis- 
trated in FIG. 1. Of course, a similar ring oscillator could be 
produced using the stages of FIG. 2. FIG. 4 shows the ring 
oscillator in an equivalent logical schematic. Each stage is a 
so-called single-ended stage, that is with a single input and 
a single output and is inverting. As is well known in the 
design of ring oscillators, for oscillation to occur it can be 
shown that there must be: 

(i) an odd number n of stages 

(ii) minimum of three stages 

(iii) if all stages are identical and have a gain ratio of "m", 
then 
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m>l/cos(pi/n) 

where 

pi=3.14 . . . 

n=number of stages 
and 

m°gain of each stage 

For a 3-stage ring, the formula above gives m>2. 

Where the transistors are of the same length, the gain 
m=W(Tl)/W(T2), where W is the width of a transistor. 

Thus, by use of an appropriate layout, the parameter m 
can be made substantially independent of manufacturing 
process variables which would tend to affect the width of 45 
both transistors by corresponding amounts. 

The required value for m, and hence the transistor sizes, 
is selected to satisfy small signal and large signal design 
requirements to provide a sawtooth or trapezoidal wave- 
form. A system designed to produce these waveforms pro- 
duces a more stable output amplitude from the oscillator 
across all operating frequencies. A more stable amplitude 
over a wide range of operating frequencies provides a signal 
which can be more reliably and easily converted to CMOS 
levels over a wide range of frequencies. 

FIG. 5 shows the waveforms for the 3-stage oscillator of 
FIG. 4 when m=3. Node 1, node 2 and node 3 are denoted 
Nl, N2 and N3 in FIG. 4. 

The frequency of oscillation of the ring can be controlled 
by the control current I. In a symmetrical arrangement, each 
stage has the same phase shift at the frequency of operation 
(equal to 1807n for inverting stages) and receives a common 
control signal so that the control currents I are the same. 
However, the phase shift can differ for each stage provided 
that the complete phase shift in the loop is 360^ at the 
frequency of oscillation. In this case, the control currents I 
for the individual stages can be independently varied. 
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We claim: 

1. A ring oscillator comprising: 

a plurality of oscillator stages, each stage comprising first 
and second transistors, wherein the first transistor has a 
controllable path connected between an output node 
and a reference voltage and a control node acting as an 
input node to the stage and wherein the second tran- 
sistor has a controllable path connected between the 
output node and the reference voltage and a control 
node connected to the output node, the gain of each 
stage being selectively determined by the ratio of the 
widths of the first and second transistors to produce an 
output signal having a sawtooth or trapezoidal wave- 
form and each stage further comprising a respective 
current source which controls the speed of the stage and 
which is connected to said output node, wherein the 
input node of one stage is connected to the output node 
of a preceding stage to form said ring oscillator and 
wherein the number of stages is selected so that there 
is a total phase shift of 360^ around the ring at the 
frequency of operation. 

2. A ring oscillator according to claim 1, wherein the first 
and second transistors are n-channel field effect devices 
having a gate as the control node and a source/drain path as 
the controllable path. 

3. A ring oscillator according to claim 1, wherein the first 
and second transistors are bipolar transistors in which the 
base is the control node and the controllable path extends 
between a collector and emitter. 

4. A ring oscillator according to claim 1, wherein the 
current source comprises a p-channel MOS field effect 
transistor gated by a control voltage. 

5. A ring oscillator according to claim 2 wherein the 
current source comprises a p-cbannel MOS field effect 
transistor gated by a control voltage. 

6. A ring oscillator according to claim 3 wherein the 
current source comprises a p-channel MOS field effect 
transistor gated by a control voltage. 

7. A ring oscillator having improved process tolerance 
characteristics, said ring oscillator comprising: 

a plurality of oscillator stages, each stage having a gain, 
a speed, and an operation frequency wherein an input 
node of one stage is coupled to an output node of a 
preceding stage to form a ring, and wherein the number 
of stages is selected so there is a total phase shift of 
360'^ around the ring at the operation frequency, each 
stage including: 

a first transistor having a control node, and a path con- 
trolled by the control node, the path coupling a refer- 
ence voltage to the output node of said stage, wherein 
the control node is coupled to the input node of said 
stage; 

a second transistor having a control node coupled to the 
output node of said stage and a controllable path which 
couples the reference voltage to the output node, 

wherein the gain of said stage is selectively determined by 
the ratio of widths of said first transistor and said 
second transistor, and wherein an output signal of the 
stage is at least one of a sawtooth waveform and a 
trapezoidal waveform; and 

a current source, which controls the speed of the stage, 
coupled to the output node. 

8. An oscillator for producing a periodic waveform, the 
oscillator comprising: 

a first, a middle, and a last serially coupled stage, each 
stage having an input terminal and an output terminal 
and the output terminal of the last stage coupled to the 
input terminal of the first stage, at least one stage 
including: 
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an input transistor coupled between the output terminal 18. The oscillator of claim 8 wherein the speed of the at 

and a reference voltage, and having a control terminal least one stage is controlled by the current source, 

coupled to the input terminal, 19, An oscillator for producing a periodic waveform, the 

a second transistor coupled between the output termutal oscillator comprising: 

and the reference voltage, and having a control termi- 5 ^^^^^ ^^^^^^ ^^^^ having an input terminal and an 

nal coupled to the output terminal, ^f^^ terminal, wherein the input terminal of each 

a current source coupled to the output terminal, and stage is coupled to the output terminal of another stage 

wherein a ratio of the gain of the input transistor to the so as to constitute a ring, at least one stage including: 

secorui transistor is greater than 2. an input transistor coupled between the output terminal 

9. The oscillator of claim 8 wherein the input and second and a supply voltage, and having a control terminal 
transistors comprise respective MOS transistors and coupled to the input terminal, 

wherein a drain of the input transistor is coupled to the a second transistor coupled between the output termi- 

output terminal, a gate of the input transistor is coupled to nal and the supply voltage, and having a control 

the input terminal, and wherein both a drain and gate of the terminal coupled to the output terminal, 

second transistor are coupled to the output terminal. a current source cmpled to the output terminal, and 

10. The oscillator of claim 9 wherein the input and second wherein a gain of the at least one stage is approxi- 
transistors have respective first and secorui widths, wherein mately 2. 

the ratio of the first width to the second width is greater than 20, The oscillator of claim 19 wherein the input and 
2. 20 ^^^ond transistors comprise respective MOS transistors and 

IL The oscillator of claim 8 wherein the input and second wherein a drain of the input transistor is coupled to the 

transistors comprise respective bipolar transistors and output terminal, a gate of the input transistor is coupled to 

wherein a collector of the input transistor is coupled to the the input terminal, and wherein both a drain and gate of the 

output terminal, a base of the input transistor is coupled to secorui transistor are coupled to the output terminal, 

the input terminal, and wherein both a collector and base of 21. The oscillator of claim 20 wherein the input and 

the second transistor are coupled to the output terminal. second transistors have respective first and second widths, 

12. The oscillator of claim 11 wherein the ratio of the gain wherein the ratio of the first width to the second width is 
of the input transistor to the second transistor is a ratio of greater than 2. 

an area of the input transistor to the area of the second 22. The oscillator of claim 19 wherein the input and 

transistor second transistors comprise respective bipolar transistors 

13. The oscillator of claim 8 wherein the ratio is at least and wherein a collector of the input transistor is coupled to 
2.5. the output terminal, a base of the input transistor is coupled 

14. The oscillator of claim 8 wherein the ratio is selected to the input terminal, and wherein both a collector and base 
such that at least one of the stages produces a sawtooth of the second transistor are coupled to the output terminal, 
waveform at its output terminal. 23. The oscillator of claim 22 wherein the ratio of area of 

15. The oscillator of claim 8 wherein the ratio is selected the input transistor to the second transistor is greater than 
such that at least one of the stages produces a trapezoidal 2. 

waveform at its output terminal. 24. The oscillator of claim 19 wherein the gain is selected 

16. The oscillator of claim 8 wherein the current source such that at least one of the stages produces a sawtooth 
comprises a PMOS transistor having a drain coupled to the ^ waveform at its output terminal 

output terminal and having a gate coupled to a control 25. The oscillator of claim 19 wherein the gain is selected 

voltage. such that at least one of the stages produces a trapezoidal 

17. The oscillator of claim 8 wherein the current source waveform at its output termirml. 
comprises a bipolar transistor having a base coupled to a 

control voltage. ♦ » * ♦ ♦ 
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(57) ABSTRACT 

In a booster circuit, a gate of an input-side transistor whose 
end is supplied with a power supply voltage is supplied with 
an inverted signal of a signal supplied to a signal input 
terminal of a booster unit at a first stage or supplied with an 
AND signal of the inverted signal and a booster circuit 
activation signal. Therefore, when the transistor at the first 
stage operates, the input-side transistor is turned off. 
Accordingly, a back flow of a current from inside the booster 
circuit to a power supply is prevented, so that the eflSciency 
of the booster circuit can be improved. Further, fluctuations 
of the output voltage are not brought about even when the 
power supply voltage greatly fluctuates, so that the reliabil- 
ity of peripheral elements and memory cells can be 
improved and the allowable range of an external power 
supply voltage can be widened. 

17 Claims, 6 Drawing Sheets 




U.S. Patent Feb. 27, 2001 sheet 1 of 6 



US 6,195^07 Bl 



FIG. i 

(PRIOR ART) 



vcs_Lr3i 



2 



4 



5/7 /J 



vout 

^ 



FIG. 2 < 

(PRIOR ART) 



/4> 



Vcc- 



0 
vcc 



L- 



8 



FIG. 3 

(PRIOR ART) 



lout 



-*-vout 



C • T 

E=(N+i)(VcC-Vt) 




U.S. Patent 



Feb. 27, 2001 



Sheet 2 of 6 



US 6,195^07 Bl 




FIG.5 

(PRIOR ART) 



^OSCE, 


RING 


— 0 




OSCILLATOR 





15 



FIG. 6 

(PRIOR ART) 




Vcc-(N+l)Vt 



/4> 



m 



vcc 



M2 M3 M4 



FIG. 7 I.I I 

<t> /<l> <p 



C3 



vout 



U.S. Patent Feb. 27, 2001 sheet 3 of 6 US 6,195^07 Bl 



vcc 

o- 



FIG. 8 



M6 



M5 -L. -L. -L- 



M7 



M8 



vout 



Cf 



r 

C2 



T 



r 

C3 



T 

4> 




Vcc o 



FI6.9 



Cl-^ C2^ 03-^ 



Vout 




ci-'y 02-^1" ca-^y 



FIG JO 



/<»> 



U.S. Patent Feb. 27, 2001 sheet 4 of 6 



US 6,195^07 Bl 




FIG.H 



53 

i_ 

lOSCElRING 

^OSCILLATOR 



V0 



FIG. 12 




AVf =vfi-vf2, vref=Vfi+iOAVf 




U.S. Patent Feb. 27, 2001 sheet 5 of 6 US 6,195^07 Bl 



61 




/CPD 

/0 , 

I " JL " J- 

L— -T— T- 



FIG. 14 










Vgi 


OSCE 


CPO='H" 


UNCHANGED 


UNCHANGED 


L 


L 


CPD=L" 


CHANGED 
UNCHANGED 


CHANGED 
UNCHANGED 


CHANGED 

L 


H(Vg<Vref) 
L{Vg>Vref) 



FIG. 15 




jOSCERING 



63 



FIG. 16 



CPD 



|osciLua'ORh"/<^> 

CPD 



U.S. Patent Feb. 27, 2001 sheet 6 of 6 US 6,195^07 Bl 



42 



REFERENCE 
VOLTAGE 
GENERATOR 
CIRCUIT 



BOOSTER 
CIRCUIT 




Vcp 


INTB 
VOLTi 
GENE! 

cm 


m 

KQE 

RATOR 

JIT 



AO- 



An- 



ADDRESS 
REGISTER 



I 



'41 



l/Oo 

n 



'43 



vdd 



32- 



27' 



l/Om 



INPUT/OUTPUT BUFFER 



I 



30 



4> 



WRITE 




SENSE 


CIRCUIT 




AMPLIFIER 



28 



COLUMN 
DECODER 



ROW 

DECODER 



T 

25 



29 



SELECTION 
CIRCUIT 



MEMORY CELL 
ARRAY 



ERASE SWITCH 
CIRCUIT 



31 



FIG.17 



us 6,195,307 Bl 

1 2 

BOOSTER CIRCUIT AND In FIG. 5, the booster circuit 11 is the same as that shown 

SEMICONDUCTOR MEMORY DEVICE in FIG. 1, and also, a power supply voltage Vcc and clock 

HAVING THE SAME pulse signals <|> and 1^ are supplied while a boosted voltage 

Vcp is outputted. The output voltage Vcp is used, for 

This application is a Divisional of U.S. application Scr. 5 example, as an internal power supply voltage of a semicon- 

No. 09/028,221 filed on Feb. 23, 1998 now U.S. Pat. No. ductor integrated circuit. 

6,041,01 1. The boosted voltage Vcp is supplied to an end of a resistor 

12, and the other end of the resistor 12 is connected to an end 

BACKGROUND OF THE INVENTION of a resistor 13. The other end of the resistor 13 is grounded, 

* ■ 1 * * u * J ^0 The resistance values of the resistors 12 and 13 are respec- 

The present mvention relates to a booster cu-cmt and a . , a \>\ ah'j 

semiconductor memory device having the same, and more ^ expre as an 

particularly to a booster circuit used in a non-volatile An mverted mput terminal of an operational amplifier 14 

semiconductor memory device such as an EEPROM. ^ connected to a connection pomt between the resistors 12 

™^ - . 1 r *• 1 u * ^nd 13. The voltage at the connection point is expressed as 

FIG. 1 shows an example of a conventional booster ic • * • i i?*u *• f ic 

i-i^ c rii 1 ixj Vg. The mverted mput terminal of the operational amplifier 

circuit, FIG. 2 shows waveforms of clock pulse signals (band ^f. v a c u c i 

. , , run, * *u 1 ♦ j\ 14 IS supphed with a reference voltage Vref. The operational 

(the mark of r means that the signal is inverted). ^^^^^^^ ^^^^^^ ^^^^^^ ^^^^^ ^^^^ 

llie booster circuit shown in FIG. 1 includes, for example, ^ ^ng oscillator 15 generates and outputs clock pulse 

four n-channel MOS transistors 1 to 4 and three capacitors ^^^^^^ ^ response to a signal OSCE. 

5 to 7. An end of a current path of the transistor 1 and a gate 20 i« *u« • u • mr> 1 <• 1 ♦u ♦ 4:*u 

c 1- J 1 1* \r %u In the circuit shown m FIG. 1, for example, the gate of the 

thereof are supplied with a power supply voltage Vcc, The . , »*i-vc ♦ • * 1 j * . • 1 r*u 

*u AC * r *u * • * 1 • * J n-channel MOS transistor 1 and a first termmal of the current 

other end of the current path of the transistor 1 is connected ... i- j 1 1. t/ 

, r . .u r *u * • * J . path is applied with a power supply voltage Vcc. The voltage 

to an end of a current path of the transistor 2 and a gate ^ . 1 f .i_ r*i_ * • . ^ • 

,t c 11 AC c -ru *i- J i- at a second termmal of the current path of the transistor 1 is 

thereof, as well as an end of a capacitor 5. The other end of u ♦ j ♦ u i.- u *i. 1 u \, t 

c • 1- J • 1 X T-u *u AC boosted to be higher than the power supply voltage Vcc. In 

the capacitor 5 is supphed with a signal 6. The other end of 25 .u* • .u * • . 1 • *, / cc » 

, ,u c.l . • . ^ ' . A '.X. A this case, smce the transistor 1 is turned off, no current must 

the current path of the transistor 2 is connected with an end a u 1 « *u £ « « • 1 c- .1. a . • 1 r 

c * *u 47*1- * • * ^ J . c 11 flow back to the first terminal firom the second terminal of 

of a current path of the transistor 3 and a gate thereof, as well current ath 

as an end of the capacitor 6. The other end of the capacitor ^ • r ... 

6 is supplied with a signal The other end of the current , ^7^1": f MpS trans^tor 1 ,s of an mtrinsic type, 
path of the transistor 3 is connected with an end of a current 30 ''^ ^^^^^""^^ u u • J ^"""^ ' ^ °" • "^'^ '^'l.''''' 
path of the transistor 4 and a gate thereof, as well as an end ^^V^^^ obtained m case of usmg an ordinanr 
of the capacitor 7. TTie other end of the capacitor 7 is "-channel MOS transistor. TTierefore while a voltage Vcc is 
supplied with a signal 4.. Tlie other end of the current path >PPl»"l '0 the gate of the transistor 1, a sh^t current flows 
of the transistor 4 outputs a boosted voltage Vout. throughthetraiKistorl thus causing a back flow of a current 

^ r. ^-,i.ina direction from a boosted voltage to a power supply 

The clock pulse signal (j) and the mverted signal /(j) thereof 35 ^ ^^^^^^^ ^^^^ ^ transistor 1 

oscillate, for example, between the power supply voltage ^ .^.y j Vcc is low, the back 

Vcc and OV as a ground potential as shown mnC, 2. The flow is more apparent. 

clock signals <!) and /<() have a frequency expressed as f . At f ♦u ♦ • ♦ * ■ • * c w 

^ ^ ^ n / f AIso,if the transistor operates in an environment of a high 

Each of the n-channel MOS transistors 1 to 4 has a temperature, the threshold voltage Vt decreases to satisfy a 

threshold value expressed as Vt. The capacitors 5, 6, and 7 ^ relation of Vt<0. Therefore, a back flow as described above 

have an equal capacity C. Further, the number of stages of jg caused too 

the booster circuit is expressed as N and indicates the ^Iso, if the transistor is of an enhancement type, the 

number of the capacitors of the booster circuit. In the booster threshold value decreases due to downsizing of the transistor 

circuit shown in FIG. 1, N is 3. ^ transistor, and a back flow is caused too. 

FIG. 3 shows a circuit equivalent to the booster circuit j^yj^^, if a transistor having a low threshold value Vt is 

shown in HG. 1. The negative electrode of the voltage used, a leakage current from the output side to the input 

source 8 is grounded, and the positive electrode of the power voltage Vcc side is always caused due to its back gate 

voltage source 8 is connected to an end of a resistor 9, The effect or a temperature influence, so that the operating 

other end of the resistor 9 outputs a voltage Vout. The current current is increased 

flowing through the resistor 9 is expressed as lout An output Consideration is then taken into a case in which the power 

voltage E of the voltage source 8 is obtamed by (N+l)x j ^^^^ ^^^^ ^^^^ V 

b T/7 n ''^"^ ^ ^ ^ the booster circuit in the circuit shown in HG. 5. In FIG. 6, 

by l/(cxt). ^ represents a load characteristic of the booster 

no. 4 shows a relationship between the output voltage 55 circuit in the case, i.e., a relationship between the output 

Vout and the output current lout. voltage and the output current of the booster circuit 11. 

In order to increase the output current lout without Another line 17 represents a relationship between a voltage 

changing the frequency f and the capacity C of each applied between both ends of the resistors 12 and 13 

capacitor, the pentode threshold value Vt of the MOS connected in series, and a current flowing through the 

transistors 1 to 4 needs to be 0. For example, the threshold 50 resistors 12 and 13. The voltage at the cross point of the lines 

value Vt can be substantially set to 0 by using an intrinsic 16 and 17 is the output voltage Vcp of the booster circuit 11. 

n-channel MOS transistor, such as an n-channel MOS tran- The number of capacitors in the booster circuit 11 is 

sistor which is formed on a p-type substrate and has a expressed as N, and the threshold value of the MOS tran- 

channel region not implanted with channel ions. sistors constituting the booster circuit 11 is expressed as Vt. 

FIG. 5 shows a circuit in which a conventional booster 65 A desired power supply voltage is [(Rl+R2)/R2]xVref. 

circuit is added with a circuit for detecting an output voltage Where a relation of Vcc-(N+l)xVt>[(Rl+R2)/R2]xVref 

of the booster circuit to control the booster circuit. is satisfied, the booster circuit 11 does not perform boosting 
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but outputs a voltage obtained by reducing the power supply signal input terminals of the plurality of booster units, in 

voltage Vcc, as an internal power supply voltage, accordance with the oscillator circuit activation signal. The 

From a relation of [R2/(Rl+R2)]x[Vcc-(N+l)xVt](=Vg) ^'^VP^ ^^S transistor may be of an intrinsic type. Each of 

>Vref, the output signal OSCE of the operational amplifier booster units may mclude: an n-type MOS transistor 

14 is of a low level. Therefore, the ring oscillator 15 does not 5 havmg a current path and a gate, connected such that an end 

operate, and each of the signals ^ and /4» is kept at a low or ?f the current path and the gate are connected to the voltage 

high level & r ▼ r ^p^^ temimal and such that another end of the current path 

^ , is connected to the voltage output terminal; and a capacitor 

Consequentl)^ the output voltage Vcp is higher than the h^^g end connected to the voltage input terminal and 

desired level [(Rl+R2)/R2]xVref. The difference between ^^^^^^^ end connected to the signal input terminal. In this 

the output voltage and the desired volUgelevelincreases as 1° ^ase, the n-type MOS transistors included in the booster 

an external power supply voltage Vcc increases, as can be ^ay be of an intrinsic type. 

seen from FIG. 6. According to further another aspect of the present 

If the external power supply voltage Vcc is allowed to invention, there is provided booster circuit comprising: a 

exceed a standard voltage of 3V and increase to, for booster unit having a voltage input terminal, a voltage output 

example, 5V, the mtemal power supply voltage increases in terminal, and a signal input terminal; and an n-type MOS 

accordance with the external power supply voltage Vcc. transistor having a current path having an end supplied with 

Then, a problem occurs in the reliability of penpheral a power supply voltage and another end connected to the 

elements and memory cells. Like in the booster circuit voltage input terminal of the booster unit, and having a gate 

shown m FIG. 1, a problem occurs in that a current flows suppUed with an AND signal of a booster circuit activation 

back to the power supply voltage in the booster circuit in an signal and an inverted signal of a signal supplied to the 

operation environment of a high temperature. Further, if the signal input terminal of the booster unit. 

±reshold voltage decreases due to the same factors a^ According to further another aspect of the present 

m the case of the booster circuit shown in FIG. 1, the mternal invention, there is provided a booster circuit comprising: a 

power supply voltage Vcp increases thereby affectmg the ^^^^^^^ ^^^ster units each having a voltage input 

rehabihty of penpheral elements and memory cells. ^.^^nal, a voltage output terminal, and a signal input 

BRIEF SUMMARY OF THE INVENTION terminal, and connected in series to form a plurality of 

stages, respectively, such that the voltage input terminal of 

Accordingly, it is an object of the present invention to the booster unit at a present stage is connected to the voltage 

provide a booster circuit in which a current does not flow output terminal of the booster unit at a preceding stage and 

back to an external power supply voltage and a constant g^ch that the signal input terminal of the booster unit at the 

voltage is outputted with a wide margin for an external present stage is connected to the signal input terminal of the 

power supply voltage, and a semiconductor memory device preceding stage; and an n-type MOS transistor having a 

having the booster circuit. current path having an end supplied with a power supply 

According to an aspect of the present invention, there is 35 voltage and another end connected to the voltage input 

provided a booster circuit comprising: a booster unit having terminal of the booster unit at a first stage, and having a gate 

a voltage input terminal, a voltage output tenninal, and a supplied with an AND signal of a booster circuit activation 

signal input terminal; and an n-type MOS transistor having signal and an inverted signal of a signal supplied to the 

a current path having an end supplied with a power supply signal input terminal of the booster unit at the first stage, 

voltage and another end connected to the voltage input 40 In the booster circuit described above, the n-type MOS 

temainal of the booster unit, and having a gate supplied with transistor is turned off when the booster unit at the first stage 

an inverted signal of a signal supplied to the signal input operates. Also, the booster circuit may further comprise: a 

terminal of the booster unit. detector circuit for comparing a voltage value of the voltage 

According to another aspect of the present invention, output terminal of the booster uinit at a last stage with a 

there is provided a booster circuit comprising: a plurality of 45 preset value, and for outputting an oscillator circuit activa- 

booster units, each having a voltage input terminal, a voltage tion signal in accordance with a comparison resuh and the 

output terminal, and a signal input terminal, and connected booster circuit activation signal; and an oscillator circuit for 

in series to form a plurality of stages, respectively, such that generating the signal to be supplied to each of the signal 

the voltage input terminal of the booster unit at a present input terminals of the plurality of booster units, in accor- 

stage is connected to the voltage output terminal of the 50 dance with the oscillator circuit activation signal and the 

booster unit at a preceding stage and such that the signal booster circuit activation signal. The n-type MOS transistor 

input terminal of the booster unit at the present stage is may be of an intrinsic type. Each of the booster units 

connected to the signal input terminal of the preceding stage; includes: an n-type MOS transistor having a current path and 

and an n-type MOS transistor having a current path having a gate, coimected such that an end of the current path and the 

an end supplied with a power supply voltage and another end 55 gate are connected to the voltage input terminal and such 

connected to the voltage input terminal of the booster unit at that another end of the current path is connected to the 

a first stage, and having a gate supplied with an inverted voltage output terminal; and a capacitor having an end 

signal of a signal supplied to the signal input terminal of the connected to the voltage input terminal and another end 

booster unit at the first stage. connected to the signal input terminal. In this case, the 

In the booster circuit described above, the n-type MOS 60 n-type MOS transistors included in the booster units may be 

transistor is turned off when the booster unit at the first stage of an intrinsic type. 

operates. Also, the booster circuit may comprise: a detector Further, according to another aspect of the present 

circuit for comparing a voltage value of the voltage output invention, there is provided a semiconductor memory device 

terminal of the booster unit at a last stage with a preset value, comprising: a booster circuit including a plurality of booster 

and for outputting an oscillator circuit activation signal in 65 units each having a voltage input terminal, a voltage output 

accordance with a comparison result; and an oscillator terminal, and a signal input terminal, and connected in series 

circuit for generating the signal to be supplied to each of the to form a plurality of stages, respectively, such that the 
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voltage input terminal of the booster unit at a present stage FIG. 2 is a view showing waveforms of clock pulse 

is connected to the voltage output terminal of the booster signals; 

unit at a preceding stage and such that the signal input piG. 3 is a diagram showing an equivalent circuit of the 

terminal of the booster unit at the present stage is supplied circuit shown in FIG 1- 

with an inverted signal of a signal supplied with the signal 5 p,g. 4 is a graph showing a load characteristic of the 

mput termmal of the booster unit at the precedmg stage, and circuit shown in FIG 1- 

an n-type MOS transistor having a current path having an _ .... " . ' . , ^ . , 

end suppUed with a power supply voltage and another end . is a diagram showing an example of a conventiona 

connected to the voltage input terminal of the booster unit at ^° ^^^^'^ ^ ^^o^^^^ ^^^^^^ ^ ^^^^^ * ^'o^st level 

a first stage, and having a gate supplied with an inverted 10 circuit, 

signal of a signal supplied to the signal input terminal of the 6 is a graph showing load characteristics of the 

booster unit at the first stage or supplied with an AND signal circuit shown in FIG. 5; 

of the inverted signal and a booster circuit activation signal; FIG. 7 is a diagram showing a structure of a booster 

a reference voltage generator circuit for generating a refer- circuit according to a first embodiment of the present 
ence voltage; and an internal voltage generator circuit for 15 invention; 

generating a voltage to be supplied to a memory cell from a piG. 8 is a diagram showing a structure of a booster 

boosted voltage obtained through the voltage output termi- circuit according to a second embodiment of the present 

nal of the booster unit at a last stage, with reference to the invention; 

reference voltage. Pjq 9 ^ ^ diagram showing a structure of a booster 
In the semiconductor memory device described above, the 20 ^i^cuii according to a third embodiment of the present 

booster circuit may further comprise: a detector circuit for invention; 

comparing a voltage value of the voltage output terminal of ^ ^ ^-^^^ ^^^^^^g ^ ^^^^^^ ^ booster 

the booster unit at the last stage with a preset value, and for ^^^^^^ according to a fourth embodiment of the present 

outputting an oscillator activation signal in accordance with invention* 

a comparison result; and an oscillator circuit for generating 25 ii • u • * * r u • 

1- J* L j*u • 1 • f. 1 FIG' 11 IS a diagram showing a structure of a booster 

the signal to be supphed to each of the signal mput termmals ■* jj j -.u u * 1 1 j ♦ ♦ • ^ 

r 1- 1 1- i: i_ . • ^ *^ ..... circuit added with a boost level detector circuit and an 

of the plurahty of booster umts, m accordance with the .„ , . . ♦ <:r*u ^ u^j-^^-» 

.„ / . , oscillator cu-cuit, according to a fifth embodiment of the 

oscillator circuit activation signal. . . ® 

® present invention; 

In the semiconductor memory device described above, the piG. 12 is a diagram showing a general example of a 

detector circuit may compare the voltage value of the ^^^^^^^ j,^^ ^^j^^^^^ ^j^^j 

voltage output termmal of the booster unit at the last stage j. l- ^ t. 

with the preset value, and may output the oscillator circuit . ^ ' ^'^^^ ^^^^^^^S ^ ^"^^'^^ 

activation signal in accordance with the comparison result ^^^^^^ ^^^^^ ^ ^?^^^ ^^^^^ detector circuit and an 

and the booster circuit activation signal. Further, the oscil- accordmg to a sixth embodmient of the 

lator circuit may generate the signal to be supplied to each P^sent invention, 

of the signal input terminals of the plurality of booster units, . ^19* ^ ^ diagram showing a structure of a booster 

in accordance with the oscillator circuit activation signal and circuit added with a boost level detector circuit and an 

the booster circuit activation signal. Also, each of the oscillator circuit, according to a seventh embodiment of the 

booster units may include: an n-type MOS transistor having present invention; 

a current path and a gate, connected such that an end of the ^ FIG. 15 is a table showing statuses of signals in the 

current path and the gate are connected to the voltage input embodiment shown in FIG. 14; 

terminal and such that another end of the current path is FIG. 16 is a diagram showing a structure of a booster 

connected to the voltage output terminal; and a capacitor circuit added with a boost level detector circuit and an 

having an end connected to the voltage input terminal and oscillator circuit, according to an eighth embodiment of the 

another end connected to the signal input terminal. In this present invention; and 

case, the n-type MOS transistors included in the booster FIG. 17 is a block diagram showing the entire structure of 

units may be of an intrinsic type. a non-volatile semiconductor memory using a booster circuit 

Additional objects and advantages of the present inven- according to the present invention. 

tion will be set forth in the description which follows, and „ „ 

in part wiU be obvious from the description, or may be '° ISSS^K 

learned by practice of the present invention. The objects and INVEN 1 ION 

advantages of the present invention may be realized and Preferred embodiments of the present invention will now 

obtained by means of the instrumentalities and combinations be described with reference to the accompanying drawings, 

particularly pointed out in the appended claims. piG. 7 shows a structure of a booster circuit according to 

BRIEF DESCRIPTION OF THE SEVERAL a first einbodiment of the present invention. In the foUowing 

VTPW<; OFTHP nuAWTMr description, same components are referred to by same 

vitw5 Kjt iHb UKAWiiNO references, and detailed explanation will be omitted here- 

The accompanying drawings, which are incorporated in firom. 

and constimte a part of the specification, illustrate presently In the circuit shown in FIG. 7, a clock pulse signal ^ is 

preferred embodiments of the present invention and, supphed to an end of a capacitor CI and an end of a 

together with the general description given above and the capacitor C3, and an inverted signal /(j) of the clock pulse 

detailed description of the preferred embodiments given signal 4> is supplied to a gale of a n-cbannel MOS transistor 

below, serve to explain the principles of the present inven- Ml and an end of a capacitor C2. An end of a current path 
tion in which: 65 ©f the n-channel MOS transistor Ml is supplied with a 

FIG. 1 is a diagram showing an example of a conventional power supply voltage Vcc, and the other end of the current 

booster circuit; path of the MOS transistor Ml is connected to an end of a 
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current path of an n-channel MOS transistor M2 and a gate Operation of the circuit shown in FIG. 8 is the same as 

thereof, as well as an end of the capacitor CI. This connec- that of the circuit shown in FIG. 7. 

lion is obtained at a connection point called a junction point According to the present embodiment, the same advan- 

Nl. The other end of the current path of the MOS transistor lages are obtained as those in the first embodiment. Further, 
M2 is connected to an end of a current path of an n-chaanel 5 an intrinsic n-channel MOS transistor has a threshold value 

MOS transistor M3 and a gate thereof, as well as an end of of an enhancement type MOS transistor used in the first 

a capacitor C2. This connection is obtained at a connection embodiment. Therefore, a voltage drop caused at each stage 

point called a junction point N2. The other end of the MOS of the transfer gates is reduced, so that a high boosted 

transistor M3 is connected to an end of a current path of an voltage can be generated with less stages than in the first 
n^hannel MOS transistor M4 and a gate thereof, as well as lO embodiment, resulting in an improvement of the eflficiency 

an end of a capacitor C3. This connection is obtained at a of the booster circuit. 

connection point called a junction point N3. The other end pj^. 9 shows a structure of a booster circuit according to 

ut ^h!°i Vo?t transistor M4 outputs an ^ ^^^^^ embodiment of the present invention, 

ou^t vo tage out. . ^ u 1 ^#^0 The circuit shown in FIG. 9 is arranged such that the gate 

tti' L'^^ . of the n-chamiel MOS transistor Ml shown in FIG. 7 is not 

transistors Ml to M4 is cxpr^d as Vt. suppUed with a signal /(j), but is suppHed with a logic product 

Although the present embodiment adopts MOS transistors j ^^^^^ ^ j^^^^j ^^^^ j ^ 

Ml to M4 arranged to form a plurality of stages the ^^^^^^^ ^- /^p^ ^ ^^^^ ^. 

structure is not hmited hitherto but MOS transistors M3 and Specifically, a first input terminal of an AND gale Gl is 

M4 may be removed. supplied with a. signal /(J), and a second input terminal of the 

In the following, operation of the circuit shown in FIG. 7 ^ND gate Gl is supplied with an inverted signal /CPD of a 

will be explained. charge pump disable signal. The output terminal of the AND 

In this circuit, the gate of the transistor Ml whose end is gate Gl is connected to the gate of the transistor Ml. The 

supplied with the power supply voltage is supplied with a other components are the same as those shown in FIG. 7. 

signal /(j) having a phase opposite to that of the pulse signal embodiment, the signal /CPD is at a low 

(|)supphed to the si^almput terminal of the capa^^^^^^ l^^^l ^ 3^^^^ ^ ^^^^^ booster circuit is not operated, 

the boostmg at the first stage. When the sig^ial is at a high ^ ^^^^.^ ^^^^^ Therefore, also in this state, 

level, the transistor Ml is conductive. In this state, the signal ^^^^^^^ ^ ^^^^^ ^ ^ ^^^^ 

(t) IS at a low level, so that the transistor M2 is turned off. j ycc can be prevented. 

Therefore, the junction point Nl is charged to a voltage , _ . . . 

defined bv Vcc-Vt 00 shows a structure of a booster circuit according 

».T . u • 1 /X * 1 1 1 J *t. • 1 to a fourth embodiment. 
Next, when the signal /()> goes to a low level and the signal 

4> goes to a high level, the transistor Ml is turned off and the The circuit shown in FIG. 10 is arranged such that the gate 

transistor M2 is turned on. In this state, the voltage at the ^f the n-channel MOS transistor M5 shown m FIG. 8 is not 

junction point Nl is Vcc-Vt+Vcc. The electric chafes supplied with a signal /(J), but is supplied with a logic product 

charged at the junction point N2 are not discharged since the signal which is a logical product of the signal /(j) and an 

transistor Ml is turned off and no discharge path to the inverted signal /CPD of a charge pump disable signal, 

power supply voltage Vcc exists. As a result, wasteful Specifically, a first input terminal of an AND gate Gl is 

discharging to the external power supply voltage Vcc can be supplied with a signal /(j), and a second mput termmal of the 
avoided ^ AND gate Gl is supplied with an inverted signal /CPD of a 

Thus,* according to the present embodiment, wasteful charge pump disable signaL The output voltage of the AND 

discharging from inside of the booster circuit to an external ^^'^ is expressed as Vgl. -Rie other components are the 

power supply voltage Vcc can be avoided, so that the ^ ^^^^ ^• 

operation efficiency as a charge pump can be improved. 1° the present embodiment, the signal /CPD is at a low 

In addition, in comparison with a conventional apparatus ^^^^^ i° ^ state in which the booster circuit is not operated, 

in which a power supply voltage is supplied to the gate of the example, in a stand-by state. Hierefore, also in this state, 

transistor Ml, a ground potential is suppUed thereto accord- the transistor Ml is turned off, so that a back flow to the 

ing to the present embodiment, so that the cut-off current of P^^^^ supply voltage Vcc can be prevented, 
the transistor Ml is greatly reduced. Therefore, it is not 50 FIG. 11 shows a structure of a booster circuit added with 

necessary to consider the cut-off characteristic of each a boost level detector circuit and an oscillator circuit, 

transistor, and n-channel MOS transistors each having a according to a fifth embodiment of the present invention, 

short channel length can be used for the booster circuit. As In the circuit shown in FIG. 11, a booster circuit 51 is the 

a result of this, it is possible to reduce the parasitic resistance same as the circuit shown in FIG. 7, for example. The output 

of transfer gates, to decrease the threshold value of each voltage Vcp of the booster circuit 51 is supplied to an input 

transistor, and to reduce the layout area of the circuit. terminal of a boost level detector circuit 52. 

FIG. 8 shows a structure of a booster circuit according to lo the boost level detector circuit 52, the output voltage 

a second embodiment of the present invention. Vcp of the booster circuit is supplied to an end of a resistor 

In the circuit shown in FIG. 8, the transistors Ml to M4 Rl. The other end of the resistor Rl is connected to an end 
in the circuit shown in FIG. 7 are replaced with intrinsic 60 of a resistor R2 and an inverted input terminal of an 

n-channel MOS transistors M5 to M8 each formed on a operational amplifier 54. The voltage at the connection point 

p-type substrate. The other components are the same as therebetween is expressed as Vg. The other end of the 

those of the circuit shown in FIG. 7. resistor R2 is grounded. A non-inverted input terminal of the 

Although the present embodiment uses MOS transistors operational amplifier is supplied with a reference voltage 
M5 to M8 respectively arranged to form a plurality of stages, 65 Vref. The reference voltage Vref is supplied from a band gap 

the structure is not limited hitherto but may be arranged such reference circuit, for example. For references, a general 

that MOS transistors M7 and M8 are removed. example of a structure of the band gap reference circuit is 
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shown in FIG. 12. The band gap reference circuit is con- is supplied with a charge pump disable signal CPD. The 

structed so as to generate a reference voltage Vref which has operational amplifier 64 outputs an oscillator enable signal 

a low temperature dependency and a less power supply OSCE. 

voltage dependency. The operational amplifier 54 outputs an The oscillator enable signal OSCE is supplied to an input 
oscillator enable signal OSCE. 5 terminal of a ring Oscillator 63. The ring oscillator 63 is 

The oscillator enable signal OSCE is supplied to an input supplied with the charge pump disable signal CPD. The ring 

terminal of the ring oscillator 53. The ring oscillator 53 oscillator 63 generates clock pulse signals ^ and /(j). 

generates clock pulse signals ^ and /<(> to be supplied to the piG. 15 shov^fs statuses of signals CPD, <t>, /4», Vgl, and 

booster circuit 51, in response to the signal OSCE. The clock OSCE. 

puke signals ^ and have the same waveforms as shown lo ^^^^ ^.^^^^ CPD is at a high level, the operational 

m MO. z. amplifier 64 stops operating and the signal OSCE goes to a 

In the following, operation of the present embodiment low level. Further, the ring oscillator 62 stops operating 

will be explained. since the signal CPD and the signal OSCE are at a low level, 

A voltage vg of the inverted input terminal of the opera- so that each of the signals ^ and is kept at a low or high 

tional amplifier 54 is obtained by [R2/(Rl+R2)] Vcp. The level. In addition, since the signal CPD is at a low level, the 

boost level detector circuit 52 monitors the output voltage output signal vgl of an AND gate Gl goes to a low level. 

Vcp of the booster circuit 51, When the output voltage Vcp Accordingly, the transistor Ml in the booster circuit 61 is 

is lower than a predetermined level, i.e., when Vg<Vref is turned off, and therefore, it is possible to prevent a back flow 

satisfied, the output signal OSCE of the boost level detector ^ current to the power supply voltage Vcc. 

circuit 52 goes to a high level. The ring oscillator 53 is when the signal CPD is at a low level, the circuit shown 

activated and generates pulse signals <t) and /((), Therefore, the in FIG. 14 operates in the same manner as in the fifth 

booster circuit 51 performs boosting operation. embodiment (in FIG. 11) described above. 

When the output voltage Vcp goes to a level higher than The present embodiment achieves the same advantages as 
a predetermined level, i.e., when Vg>Vref is satisfied, the 25 those of the third and fifth embodiments described above, 

output signal OSCE of the boost level detector circuit 52 Specifically, a back flow of a current from inside the booster 

goes to a low level. Therefore, the ring oscillator 53 is circuit to the power supply voltage Vcc can be prevented, 

deactivated and does not generate pulse signals (() and /((). Further, in the present embodiment, when the external power 

Accordingly, the booster circuit is deactivated and the tran- supply voltage Vcc goes to a level higher than a boost level, 
sistor Ml in the booster circuit 51 is turned ofif. 30 i.e., when Vcc-(N+l)Vt>[(Rl+R2)/R2]xVref is satisfied, 

Hierefore, according to the present embodiment, a back Vg>Vref is satisfied, so that the signal CPE goes to a high 

flow of a current to the power supply voltage Vcc can be level. In this case, the transistor Ml in the booster circuit is 

prevented. turned ofif, with the resuh that the booster circuit is deacti- 

¥IG. 13 shows a structure of a booster circuit added with vated. Therefore, the output voltage Vcp is not excessively 
a boost level detector circuit and an oscillator circuit, 35 charged to Vcc-(N+l)Vt, unlike in a conventional appara- 

according to a sixth embodiment of the present invention. tus. Thus, even when the external power supply voltage Vcc 

The circuit shown in FIG. 13 is arranged such that the fluctuates, the internal power supply voltage does not 

booster circuit 51 shown in FIG. 11 is replaced with a fluctuate, so that the booster circuit can be operated stably 

booster circuit 55 shown in FIG. 8. The other components with respect to an external power supply voltage Vcc which 

are the same as those of the circuit shown in FIG. 11. is as high as [(Rl+R2)/R2]xVref+(N+l)Vt or more higher. 

Operation of the circuit shown in FIG. 13 is the same as Thus, according to the present embodiment, even when 

that of the circuit shown in FIG. 11. ^^e power supply voltage Vcc becomes high, the internal 

The present embodiment achieves the same advantages as ^^^'^^"^ ^^PP^^^^ ^ ^^^^^S^' ^ '^^^ 

those of the second and fifth embodiments. Specifically, a rehabihty of the elements is miproved. 

back flow of a current from inside the booster circuit to the FIG. 16 shows a structure of a booster circuit added with 

power supply voltage Vcc can be prevented. Further, since a boost level detector circuit and an oscillator circuit, 

transistors of the booster circuit 55 are constituted by according to an eighth embodiment of the present invention, 

intrinsic n-channel MOS transistors, it is possible to improve The circuit shown in FIG. 16 is arranged such that the 

the efficiency of the booster circuit. booster circuit 61 shown in FIG. 14 is replaced with the 

FIG. 14 shows a structure of a booster circuit added with booster circuit 65 shown in FIG. 10. The other components 

a boost level detector circuit and an oscillator circuit, are the same as those shown in FIG. 14. 

according to a seventh embodiment of the present invention. Also, the circuit shown in FIG. 16 operates in the same 

In the circuit shown in FIG. 14, a booster circuit 61 is the manner as in the seventh embodiment (in FIG. 14) described 
same as the circuit shown in FIG. 9. The output voltage Vcp 55 above. 

of the booster circuit 61 is supplied to an input terminal of The present embodiment achieves the same advantages as 

a boost level detector circuit 62. those of the fourth and fifth embodiments described above. 

In the boost level detector circuit 62, the output voltage Specifically, in a state in which the booster circuit is not 

Vcp of the booster circuit is supplied to an end of a resistor operated, the transistor Ml in the booster circuit is turned 
Rl. The other end of the resistor Rl is connected to an end 60 off, so that a back flow to the power supply voltage Vcc can 

of a resistor R2 and an inverted input terminal of an be prevented, and fluctuations of the internal power supply 

operational amplifier 64. The voltage at the connection point voltage can be prevented against fluctuations of the external 

therebetween is expressed as Vg. The other end of the power supply voltage, with the result that the reliability of 

resistor R2 is grounded. A non-inverted input terminal of the the elements can be improved. Further, in a state in which 
operational amplifier 64 is supplied with a reference voltage 65 the booster circuit is operated, a back flow of a current from 

Vref. The reference voltage Vref is supplied &om a band gap inside the booster circuit to the power supply voltage Vcc 

reference circuit, for example. The operational amplifier 64 can be prevented. In addition, since the transistors in the 
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booster circuit axe of intrinsic n-channel MOS transistors, 
the boost efficiency can be improved. 

RG. 17 shows the entire structure of a non-volatile 
semiconductor memory using a booster circuit according to 
the present invention. ^ 

The booster circuit 41 generates a boosted voltage Vcp. 

A reference voltage generator circuit 42 generates a 
reference vohage Vref. An internal voltage generator circuit 
43 generates an internal voltage V^^^ so as to correspond to 
a program mode, a verify mode, or the like, from the boosted 
voltage Vcp, with reference to the reference voltage Vref. 

Internal address signals (or external address signals) AO to 
An are supplied to a row decoder 25 and a column decoder 
26 through an address register 24. In addition, an output 15 
voltage V^^ of the internal voltage generator circuit 43 is 
applied through the row decoder 25 to a specified word line 
selected by the address signals AO to An. 

In a program mode, data is supplied to a specified memory 
cell in the memory cell array 29, through an input/output 20 
buffer 32, a write circuit 27, and a selection circuit 28. 

In a read mode, data is used for verification, through the 
selection circuit 28 and a sense amplifier 30, or is outputted 
to outside the chip, fiirtber through the input/output buffer 
32. 25 

In an erase mode, the voltage to be applied to a source of 
a memory cell is switched by an erase switch circuit 31. 

In the present embodiment, advantages equivalent to 
those of the embodiments described above can be obtained 
by using a booster circuit 41 according to the present 
invention. Specifically, a current is prevented from flowing 
back to the power supply voltage Vcc, in the booster circuit 
41. Also, fluctuations of the internal power supply voltage 
are restricted against fluctuations of the external power 
supply vohage Vcc, so that the reliability of elements can be 
improved. 

The booster circuit is naturally apphcable not only to a 
non-volatile semiconductor memory device but also to other 
semiconductor memory devices. ^ 

As has been described above, according to the present 
invention, in the booster circuit, the transistor whose end is 
supplied with a power supply voltage is turned on/off by an 
inverted signal of a signal for booting a booster unit at a first 
stage or by an AND signal of the inverted signal and a 45 
booster circuit activation signal. Therefore, a back flow of a 
current from inside the booster circuit to the power supply 
can be prevented, thereby improving the efficiency of the 
booster circuit. Further, the fluctuations of the output voltage 
are not brought about even when the power supply voltage 3Q 
greatly fluctuates, so that the reliability of peripheral ele- 
ments and memory cells can be improved and the allowable 
range of an external power supply vohage can be enhanced. 

Additional advantages and modifications will readily 
occur to those skilled in the art. Therefore, the present 55 
invention in its broader aspects is not limited to the specific 
details, representative devices, and illustrated examples 
shown and described herein. Accordingly, various modifi- 
cations may be made without departing from the spirit or 
scope of the general inventive concept as defined by the go 
appended claims and their equivalents. 

What is claimed is: 

1. A semiconductor device comprising: 

a booster circuit having an input terminal, an output 
terminal, an n-oiunber of transistors composed of a 65 
first, a second, . . . , an n-th (where n is a positive 
integer) transistors diode-connected, and an n-nuimber 
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of capacitors composed of a first, a second, . . . , a n-lh 
capacitors, said n-number of transistors being serially 
connected between said input terminal and said output 
terminal, said first transistor being connected to said 
input terminal and said n-tb transistor being connected 
to said output terminal, each of said n-number of 
capacitors having a first and a second electrodes, said 
first electrodes of said n-number of capacitors being 
respectively connected to gate electrodes of said 
n-number of transistors, the second electrodes of odd- 
numbered capacitors among said n-number of capaci- 
tors being supplied with a control signal, the second 
electrodes of even-numbered capacitors among said 
n-number of capacitors being supplied with a comple- 
mentary signal of said control signal; 

a terminal to which a power supply voltage is supplied; 

a charge transfer transistor having a current path and a 
gate terminal, an end of said current path being con- 
nected to said input terminal of said booster circuit, 
another end of said current path being connected to said 
terminal, said gate terminal being supplied with said 
complementary signal of said control signal; 

a differential amplifier circuit having a first and a second 
input terminals and an output terminal, said first input 
terminal being supplied with a voltage according to a 
potential of said output terminal of said booster circuit, 
said second input terminal being supplied with a ref- 
erence voltage, said output terminal of said differential 
amplifier circuit outputting an output signal; and 

a circuit which is connected to said output terminal of said 
differential amplifier circuit and produces the control 
signal and the complimentary signal thereof to be 
supplied to said booster circuit and said charge transfer 
transistor. 

2. The semiconductor device according to claim 1, 
wherein said charge transfer transistor is turned off when 
said first transistor of said first booster circuit operates. 

3. The semiconductor device according to claim 1, 
wherein each of said n-number of transistors is a MOS 
transistor. 

4. The semiconductor device according to claim 1, 
wherein each of said n-number of transistors is an n-type 
MOS transistor. 

5. The semiconductor device according to claim 1, 
wherein each of said n-number of transistors is an intrinsic 
type MOS transistor. 

6. The semiconductor device according to claim 1, 
wherein said charge transfer transistor is a MOS transistor. 

7. The semiconductor device according to claim 1, 
wherein said charge transfer transistor is an n-type MOS 
transistor. 

8. The semiconductor device according to claim 1, 
wherein said charge transfer transistor is an intrinsic type 
MOS transistor. 

9. A semiconductor device comprising: 

a booster circuit having an input terminal, an output 
terminal, an n-number of transistors composed of a 
first, a second, . . . , a n-th (where n is a positive integer) 
transistors diode-connected, and an n-number of 
capacitors composed of a first, a second, . . . , an n-tb 
capacitors, said n-number of transistors being serially 
connected between said input terminal and said output 
terminal, said first transistor being connected to said 
input terminal and said n-th transistor being connected 
to said output terminal, each of said n-number of 
capacitors having a first and a second electrodes, said 
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first electrodes of said n-number of capacitors being 
respectively connected to gate electrodes of said 
n-number of transistors, the second electrodes of odd- 
numbered capacitors among said n-number of capaci- 
tors being supplied with a control signal, the second 
electrodes of even-numbered capacitors among said 
n-number of capacitors being supplied with a comple- 
mentary signal of said control signal; 
terminal to which a power supply voltage is supplied; 
charge transfer transistor having a current path and a 
gate terminal, an end of said current path being con- 
nected to said input terminal of said booster circuit, 
another end of said current path being connected to said 
terminal, said gate terminal being supplied with a 
signal based on said complementary signal of said 
control signal; 

differential amplifier circuit having a first and a second 
input terminals and an output terminal, said first input 
terminal being supplied with a voltage according to a 
potential of said output terminal of said booster circuit, 
said second input terminal being supplied with a ref- 
erence voltage, said output terminal of said differential 
amplifier circuit outputting an output signal; and 

circuit which is connected to said output terminal of said 
differential amplifier circuit and produces the control 
signal and the complimentary signal thereof to be 
supplied to said booster circuit and said charge transfer 
transistor. 
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10. The semiconductor device according to claim 9, 
wherein said signal based on said complementary signal of 
said control signal is an AND signal of a booster circuit 
activation signal and said complementary signal. 
^ 11. The semiconductor device according to claim 9, 
wherein said charge transfer transistor is turned off when 
said first transistor of said first booster circuit operates. 

12. The semiconductor device according to claim 9, 
10 wherein each of said n-number of transistors is a MOS 

transistor. 

13. The semiconductor device according to claim 9, 
wherein each of said n-number of transistors is an n-type 
MOS transistor. 

14. The semiconductor device according to claim 9, 
wherein each of said n-number of transistors is an intrinsic 
type MOS transistor. 

15. The semiconductor device according to claim 9, 
20 wherein said charge transfer transistor is a MOS transistor. 

16. The semiconductor device according to claim 9, 
wherein said charge transfer transistor is an n-type MOS 
transistor. 

2^ 17. The semiconductor device according to claim 9, 
wherein said charge transfer transistor is an intrinsic type 
MOS transistor. 
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[57] ABSTRACT 

A step-up circuit includes a selection control circuit 50 for 
activating a start/stop signal STP by detecting an external 
power-supply voltage Vcc, which is stable at 3.3 V, to reach 
2.0 V or more, a ring oscillator circuit 30 for generating and 
outputting a clock of a high frequency Fs when the start/stop 
signal STP is inactive, a ring oscillator circuit 10 for 
generating a clock of a low frequency fo, a selection circuit 
40 for selecting the output of the oscillator 30 when the 
start/stop signal STP is inactive and for selecting the output 
of the oscillator 10 when the start/stop signal is active, and 
a charging pump circuit 20 driven by the clocks. High 
frequency Fs is initially used to quickly bring an output 
voltage up to a desired operating level and low frequency fo 
is used, in order to conserve power, to maintain the operating 
level once a predetermined level of the external power 
supply voltage Vcc has been reached in order to conserve 
power. 

10 Claims, 7 Drawing Sheets 
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STEP-UP CIRCUIT USING TWO 
FREQUENCIES 

BACKGROUND OF THE INVENTION 

1, Field of the Invention 

The present invention relates to a step-up circuit and a 
semiconductor device employing same. 

2. Description of the Related Art 

In a semiconductor integrated circuit, along with the 
minuteness of circuit elements and large-scale circuits, 
power-supply voltages are being lowered, and different 
power-supply voltages are being used to power multiple 
semiconductor devices mounted on printed circuit boards. 

In the semiconductor device LSU of FIG. 6(A), for 
example, an internal circuit 1 as a mainframe circuit operates 
with a power-supply voltage of Vii=2.4 V. To standardize the 
power-supply voltage suppHed to the various semiconductor 
devices, an external power-supply voltage of Vcc=3.0 V is 
stepped down to an internal voltage of Vii by an nMOS 
transistor 2. Gate potential Vgn is generated at a control 
circuit (not shown) and provided to the gate electrode of the 
nMOS transistor 2 to make the internal voltage Vii constant. 
By using a pMOS transistor, external power-supply voltage 
Vcc can be used in the control circuit. However, since gate 
potential Vgn is about 3.3 V, which is higher than external 
potential Vcc, an internal step-up circuit is required when 
using an nMOS transistor. 

Here, when using an nMOS as the transistor 2, because it 
is possible to achieve higher-speed operation than when 
using a pMOS transistor, the internal power-supply voltage 
can be better stabilized. 

When using a pMOS as the transistor 2, because of the 
relationship between the inductance component of the exter- 
nal pin connected to the source of the transistor and the 
feedback control circuit for the pMOS gate potential, over- 
drive occurs and a back electromotive force which cannot be 
ignored is generated at the inductance component, causing 
power supply noise. When using an nMOS transistor, the 
relationship with the gate potential control circuit is different 
from the described above, and no such a problem occurs. For 
these reasons, it is preferred to use an nMOS as the transistor 
2. 

FIG. 6(B) shows part of semiconductor memory storage 
LSI2 as an example for another occasion requiring an 
internal step-up circuit. For example, when the charge stored 
at a capacitor 3b is transferred to a bit line BL by turning on 
an nMOS transistor 3a, the potential change of the bit line 
BL is small since the capacity of the bit line BL exceeds that 
of capacitor 3b. Also, the resistance of Word line WL 
connected to the gate electrode of the nMOS transistor 3a is 
considerably high. Therefore, the potential drops that may 
occur when the electric charge flows through nMOS tran- 
sistor 3a must be minimized. So, a potential SVii provided 
to the word line WL through a pMOS transistor 4a of a Word 
driver 4 is set high. For example, the potential SVii is 4.5 V 
when Vii=2.4 V, and an internal step-up circuit is needed. 

FIG. 7 shows a prior art step-up circuit. In this circuit, a 
clock is generated by a ring oscillator 10 comprising invert- 
ers 11 to 17 connected in a ring shape. This clock is provided 
to a charging pump circuit 20 via a buffering inverter 18. The 
output of ring oscillator circuit 10 is also used for On/Off 
control of switch elements 21 and 22. If this output is at a 
low level and switch elements 21 and 22 are in the status 
shown in the figure, a pumping capacitor 23 is charged by an 
output potential Vcc of the inverter 18. Next, if the output of 
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the ring oscillator circuit 10 transits to a low level, switches 
21 and 22 are respectively switched to the cathode side of 
diode 24 and anode side of diode 25, and the voltage of the 
pumping capacitor 23 is added to the external power-supply 
5 voltage Vcc. Thereby, the cathode potential VOO of the diode 
25 becomes 2(Vcc-Vpn), where Vpn is a forward vohage of 
each diodes 24 and 25. Although the output voltage VOO is 
lowered according to power consumption, by repeating this 
step-up operations the voltage VOO can be obtained. 

The charging pump circuit 20 in FIG. 7 shows the 
principle configuration, and actually switch elements are 
used instead of diodes 24 and 25 in order to reduce the drop 
in voltage Vpn and the switch elements are turned off during 
the blocking time for back flow. 

When such a step-up circuit is applied to, for example, a 
circuit generating the gate potential Vgn of the semiconduc- 
tor device LSU shown in FIG. 6(A) and the power is 
supphed to the semiconductor device LSU, the problems as 
described below are encountered. Namely, since the step-up 
2Q circuit will not operate until the external power supply 
potential Vcc reaches a specified potential, and since volt- 
ages drop due to power consumption, it takes, e.g., 400 ^ 
second for the power supply voltage VOO to reach the 
specified value +/-10%, which delays starting operation of 
25 the internal circuit 1. 

To accelerate the startup time for voltage VOO by increas- 
ing the output frequency of the ring oscillator circuit 10 will 
cause a load driving capacity of the step-up circuit to 
become unnecessarily large after startup, a power waste 
30 arising. 

SUMMARY OF THE INVENTION 

Accordingly, an object of the present invention is to 
provide a step-up circuit and a semiconductor device 
employing same which can reduce the time for a step-up 
voltage to reach a target value after power-on and save 
power consumption in normal operation. 

According to the 1st aspect of the present invention, there 
is provided a step-up circuit comprising: a selection control 

^ circuit for setting a control signal at one state in response to 
an external power-supply voltage being above a value which 
is lower than a normal voltage; a clock generating circuit for 
providing a first clock with a first frequency when the 
control signal not being at the one state and for providing a 
second clock with a second frequency when the control 
signal being at the one state, the second frequency being 
lower than the first frequency; and a charging pump circuit 
driven by the first and second clocks. 
With the 1st aspect of the present invention, since the 

5Q output clock frequency of the clock generation circuit 
becomes the first frequency higher than the second fre- 
quency at the initial stage after a power-on, the charging 
pump circuit is driven by this clock to step up the power- 
supply voltage at a high-speed, thus reducing the time 

55 needed for the step-up voltage to reach the target value after 
power-on. 

Also, after a mini power failure, the step-up circuit is 
operated the same way as described above, reducing a 
failure-recovery time. 

60 Moreover, after the internal power-supply voltage reaches 
the target value, the output clock frequency of the clock 
generation circuit is the second frequency lower than the 
first frequency, and the charging pump circuit is driven by 
this clock for step-up operation, thus effectively saving 

65 power consumption in normal operation. 

In the 1st mode of the 1st aspect of the present invention, 
the clock generating circuit comprises: a first ring oscillator 
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circuit for generating the first clock when the control signal 
is not at the one state; a second ring oscillator circuit for 
generating the second clock; and a selection circuit for 
selectively providing the first clock to the charging pump 
when the control signal is not at the one state and for 
selectively providing the second clock to the charging punap 
when the control signal is at the one slate. 

In the 2nd mode of the 1st aspect of the present invention, 
the clock generating circuit comprises: a ring oscillator 
including an odd number of CMOS inverters connected in 
ring shape, each of the CMOS inverters has a pMOS 
transistor and a nMOS transistor connected in serial to each 
other, a first pMOS transistor connected between the pMOS 
transistor of the CMOS inverter and a power-supply poten- 
tial conductor, its gate electrode receiving a potential to 
normally turn on the first pMOS transistor; a second pMOS 
transistor connected between the pMOS transistor of the 
CMOS inverter and the power-supply potential conductor, 
its gate electrode receiving a signal associated with the 
control signal to turn on the second pMOS transistor when 
the control signal is not at the one state; a first nMOS 
transistor connected between the nMOS transistor of the 
CMOS inverter and a reference potential conductor, its gate 
electrode receiving a potential to normally turn on the first 
nMOS transistor; and a second nMOS transistor connected 
between the nMOS transistor of the CMOS inverter and the 
reference potential conductor, its gate electrode receiving a 
signal associated with the control signal to turn on the 
second pMOS transistor when the control signal is not at the 
one stale. 

In the 3rd mode of the 1st aspect of the present invention, 
the second pMOS transistor have a value of (gate width)/ 
(gate length) which is larger than that of the first pMOS 
transistor, and the second nMOS transistor have a value of 
(gate width)/(gate length) which is larger than that of the first 
nMOS transistor. 

With the 3rd mode of the 1st aspect of the present 
invention, since the first frequency at the initial stage after 
a power-on becomes more higher, it takes less time for a 
step-up voltage to reach the target value. 

In the 4th mode of the 1st aspect of the present invention, 
the clock generating circuit comprises: a first multi-stage 
inverter circuit including an odd number, which is 5 or more, 
of inverters connected in cascade; a second multi-stage 
inverter circuit including an even number of inverters con- 
nected in cascade; a first switch element connected between 
an output of a last stage inverter of the first multi-stage 
inverter circuit and an input of a first stage inverter of the 
second multi-stage inverter circuit; a second switch element 
connected between an output of a last stage inverter of the 
second multi-stage inverter circuit and an input of a first 
stage inverter of the first multi-stage inverter circuit; and a 
third switch element connected between the output of the 
last stage inverter of the first multi-stage inverter circuit and 
the input of the first stage inverter of the first multi-stage 
inverter circuit; the first, second and third switch elements 
being turned on, on and off respectively when the control 
signal is at the one state, and the first, second and third 
switch elements being turned off, off and on respectively 
when the control signal is not at the one stale. 

With the 4th mode of the 1st aspect of the present 
invention, it is possible to reduce the number of configura- 
tion elements of the clock generation circuit more than that 
of the first mode. 

In the 5th mode of the 1st aspect of the present invention, 
the charging pump circuit comprises a capacitor which 
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voltage is added to a voltage between the power-supply 
potential and the reference potential and which capacitance 
is switched by the control signal in such a way that a value 
of the capacitance in the case of the control signal not being 
at the one state is larger than that in the case of the control 
signal being at the one status. 

With the 5th mode of the 1st aspect of the present 
invention, since the first frequency at the initial stage after 
a power-on becomes more higher, it takes less time for a 
step-up voltage to reach the target value. 

According to the 2nd aspect of the present invention, there 
is provided a semiconductor device comprising a step-up 
circuit formed on a semiconductor chip, wherein the step-up 
circuit comprises: a selection control circuit for setting a 
control signal at one state in response to an external power- 
supply voltage being above a value which is lower than a 
normal voltage; a clock generating circuit for providing a 
first clock with a first frequency when the control signal is 
not at the one state and for providing a second clock with a 
second frequency when the control signal is at the one state, 
the second frequency being lower than the first frequency; 
and a charging pump circuit driven by the first and second 
clocks. 

In the 1st mode of the 2nd aspect of the present invention, 
the charging pump circuit operates under the external power- 
supply voltage, wherein the semiconductor device further 
comprises: a circuit operated under an internal power-supply 
voltage lower than the external power-supply voltage; a 
wiring, an nMOS step-down transistor, its drain receiving 
the external power-supply voltage, its source supplying the 
internal power-supply voltage; and a control circuit, oper- 
ated under an output voltage of the charging pump circuit, 
for providing a constant voltage to a gate electrode of the 
nMOS step-down transistor. 

In the 2nd mode of the 2nd aspect of the present invention, 
the charging pump circuit operates under an internal power- 
supply voltage lower than the external power-supply 
voltage, wherein the semiconductor device further com- 
prises: a memory cell including a nMOS transistor with its 
gate electrode connected to a word line; and a word driver 
transistor through which an output voltage of the charging 
pimip is provided to the word line. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram showing a semiconductor 
device, to which a step-up circuit of the present invention is 
applied, of a first embodiment according to the present 
invention; 

FIG. 2 is a diagram showing an operation of the circuit of 
FIG. 1; 

FIG. 3 is a diagram showing a ring oscillator circuit of a 
second embodiment used for a step-up circuit of the present 
invention; 

FIG. 4 is a circuit diagram showing a semiconductor 
device, to which a step-up circuit of the present invention is 
applied, of a third embodiment according to the present 
invention; 

FIG. 5 is a circuit diagram showing a semiconductor 
device, to which a step-up circuit of the present invention 
applied, of a fourth embodiment according to the present 
invention; 

FIGS. 6(A) and 6(B) are diagrams each showing a prior 
art circuit necessary for a step-up circuit; and 
FIG. 7 is a diagram showing a prior art step-up circuit. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Referring now to the drawings, wherein like reference 
characters designate like or corresponding parts throughout 



6,o: 

5 

several views, preferred embodiments of Ihe present inven- 
tion are described below. 
First Embodiment 

FIG. 1 shows a semiconductor device, to which a step-up 
circuit of the present invention is applied, of the first 
embodiment. In FIG. 1, the same configuration elements as 
in FIGS. 6(A) and FIG. 7 are designated by the same 
reference characters and these explanation are omitted. 

In this step-up circuit, a ring oscillator circuit 30, a 
selection circuit 40 and a selection control circuit 50 are 
added to a ring oscillator circuit 10, an inverter 18 and a 
charging pump circuit 20 of FIG. 7. The charging pump 
circuit 20 is shown as the principle configuration for sim- 
plification as described above. 

The ring oscillator circuit 30 consists of an inverter 31, an 
inverter 32 and a NAND gate 33 which are connected in a 
ring shape. 

If one input, as a control input, of the NAND gate 33 
becomes a low, the ring oscillator circuit 30 does not 
oscillate. If this low level transits to a high, the NAND gate 
will function as an inverter and the ring oscillator circuit 30 
will then oscillate, and a clock of a frequency Fs is output 
as pumping pulses. On the other hand, a clock of a firequency 
which is lower than frequency Fs is always output as 
pumping pulses firom the ring oscillator circuit 10. 

Selection circuit 40 is provided with transfer gates 41 and 
42 and inverter 43. Input ends of transfer gates 41 and 42 are 
connected to the outputs of the ring oscillator circuits 10 and 
30, respectively, and output ends thereof are connected to the 
input of the inverter 18 and to the control inputs of switch 
elements 21 and 22. Each of the transfer gates 41 and 42 is 
constructed by connecting a pMOS transistor and an nMOS 
transistor in parallel. A start/stop signal STP is provided to 
the gate electrodes of the nMOS transistor of the transfer 
gate 41 and of the pMOS transistor of the transfer gate 42. 
A signal *STP, generated by inverting the binary value of the 
start/stop signal STP at inverter 43, is provided to the gate 
electrodes of the pMOS transistor of the transfer gate 41 and 
of the nMOS transistor of the transfer gate 42. The start/stop 
signal *STP is also provided to the input, as the control 
input, of the NAND gate 33. 

When the start/stop signal STP is at a low level, the 
transfer gates 41 and 42 are off and on respectively and the 
output clock of the ring oscillator circuit 30 is output from 
the selection circuit 40. Whereas, when the start/stop signal 
STP is at a high level, the transfer gates 41 and 42 are on and 
off respectively and the output clock of the ring oscillator 10 
is output fi-om the selection circuit 40. 

A power-supply voltage for the ring oscillator circuits 10 
and 30 and the selection circuit 40 is an external power- 
supply voltage Vcc. 

In the selection control circuit 50, resistors 51 and 52 are 
serially connected between a Vcc wiring supplied with an 
external power-supply potential Vcc and a grounding 
wiring, and a divided potential Vr at its connection is 
provided to the gate electrode of an nMOS transistor 53. The 
source of the nMOS transistor 53 is connected to the 
grounding wiring, with its drain connected via a resistor 54 
to the Vcc wiring. The drain potential of the nMOS transistor 
53 is provided to the gate electrodes of a pMOS transistor 55 
and an nMOS transistor 56. The pMOS U-ansistor 55 and the 
nMOS transistor 56 are serially connected between the Vcc 
wiring and the grounding wiring, and consists of a CMOS 
inverter. The start/stop signal STP is output firom the output 
of this inverter 

When the external power-supply potential Vcc has risen 
to, e.g., 0.4 V from 0 V after power-on, the nMOS transistor 
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56 turns on, and further when the potential Vcc has risen to 
2 V, the divided potential Vr reaches 0.4 V and the nMOS 
transistor 53 turns on. Thereby, the pMOS transistor 55 turns 
on, the nMOS transistor 56 turns off, and the start/stop 

5 signals STP and *STP respectively become high and low. 
An nMOS transistor 57 connected between the gate 
electrode of the nMOS transistor 53 and the Vcc wiring is 
normally off, but turns on when the external power-supply 
potential Vcc has dropped near to 0 V by a mini power 

10 failure. Thereby the charge at the gate of the nMOS tran- 
sistor 53 is discharged quickly through the nMOS transistor 

57 and when the potential Vcc subsequently rises, the 
described above operation is ensured. 

In a step-down circuit 60, the relationship Vii=Vgn-Vth 
holds, where Vgn and Vth are a gate potential and a 
threshold voltage of the nMOS transistor 2, respectively. To 
generate the internal power-supply potential of Vii«2.4 V 
even when the external power-supply potential Vcc is such 
a low as 2.4 or so, SVcc of, for example, 4.0 V is supplied 
2^ to a comparator 61. 

At the inverting input of the comparator 61, a reference 
potential Vref from a reference potential generator circuit 62 
is provided, and a gate potential Vgp is output from the 
comparator 61. Between a wiring of the power-supply 
potential SVcc and the grounding wiring, a pMOS transistor 
63, an nMOS transistor 64, a resistor 65, and a resistor 66 are 
serially connected. At the gate electrode of a pMOS tran- 
sistor 63, the gate potential Vgp is provided. The source 
potential Vgn of the pMOS transistor 63 is provided to the 
gate electrode of the nMOS transistor 2. The drain of the 
nMOS transistor 2 is connected to the Vcc wiring, and the 
external potential Vcc is lowered, for instance, to 2.4 V for 
supplying to an internal circuit 1. 

The drain and the gate electrodes of the nMOS transistor 
64 are short-circuited in order to prevent the internal power- 
supply potential Vii from changing according to ambient 
temperature. A potential Vd at the connection point of the 
resistors 65 and 66 is provided to the non-inverting input of 
^ the comparator 61. 

The comparator 61 outputs the gate potential Vgp so that 
the potential Vd becomes equal to the reference potential 
Vref. In other words, if Vd<Vref, then the gate potential Vgp 
drops and the current flowing through pMOS transistor 63 
45 increases, raising the potential Vd. Whereas, if Vd>Vref, 
then the gate potential Vgp is raised, and the current flowing 
through pMOS transistor 63 decreases, lowering the poten- 
tial Vd. 

Referring to FIG. 2, foUowings are explanations of the 
50 operation of the semiconductor device configured as 
described above. 

When the power is turned on, Vcc increases linearly from 
0 V to 3.0 V. At a midpoint in this increase, when Vcc 
reaches about 1.0 V, the step-up circuit starts to operate. At 
55 this time, the start/stop signal STP is a low, the transfer gate 

41 is off, and the transfer gate 42 is on. The output clock of 
the ring oscillator circuit 30 is provided via the transfer gate 

42 and the inverter 18 to the charging pump circuit 20. In 
this way, more high-speed step-up operation can be per- 

60 formed than the case of driving the charging pump circuit 20 
by using the output clock of the ring oscillator circuit 10. 

After that midpoint, when Vcc reaches about 2.0 V, Vr 
becomes about 0.4 V, and the nMOS Uansistor 53 is turned 
on, the pMOS transistor 55 is turned on and the nMOS 

65 transistor 56 is turned off, thereby the start/stop signal STP 
becomes a high. Then, the transfer gates 41 and 42 turn on 
and off respectively, and the output clock of ring oscillator 
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circuit 10 is provided via transfer gate 41 and inverter 18 to After this, when Vcc reaches around 2 V, the start/stop 

the charging pump circuit 20, thereby appropriately lower- signals STP and *STP become a high and a low respectively, 

ing the step-up operation speed of the charging pump circuit then the pMOS transistors 71PS to 77PS and the nMOS 

20. transistors TINS to 77NS are turned off, thereby appropri- 
After this, when SVcc reaches about 4.0 V, Vgn becomes 5 ately lowering the output frequency f of the ring oscillator 

about 3.3 V and Vii becomes about 2.4 V. Although, Vcc is circuit lOA and saving power consumption in normal opera- 
raised up to 3.0 V after this, SVcc, Vgn and Vii are almost 

constant. Third embodiment 

According to the first embodiment, because the charging FIG. 4 shows a semiconductor device of the third embodi- 

pump circuit 20 is driven by the higher frequency output of ment to which a step-up circuit of the present invention is 

the ring oscillator circuit 30 at the initial stage after a applied. 

power-on, the Potential SVcc is stepped up at high-speed, I n this step-up circuit, a ring oscillator circuit lOB consists 

allowing to take 200 /^cond for the internal power-supply of a first part 10a, a second part 10b, a third part 10c and a 

potential Vii to reach the target value +/-10%, compared to selection circuit 40A. The first part lOa consists of inverters 

the conventional 400 /^second, and reducing the startup time 11 to 13 connected in cascade. The second part 10b consists 

of the internal circuit 1 after a power-on. of the inverters 14 and 15 connected in cascade and ao 

After a mini power failure, the step-up circuit is operated inverter 19, which is smaller than the inverter 14, connected 

the same way as described above, allowing to reduce a to the inverter 14 in ring shape. The third part 10c consists 

failure -recovery time. of inverters 16 and 17 connected in cascade. The output of 

After the internal power-supply potential Vii has reached '° ^^^^^^^ ^ connected to the input of the inverter 11. 
the target value, the ring osciUator circuit 30 stops its selectmg cu-cuit 40A, a transfer gate 41 is con- 
operation, and the charging pump circuit 20 is driven by the ^^^^^ between the output of the inverter 13 and the input of 
output of the ring osciUator circuit 10 for step-up operation, ^^^^'^^ ^ gate 42 is connected between the 
aUowing to save power consumption in ordinary operation. 25 ^^^P""^ inverter 13 and the input of the mverter 16 and 

o J 1. J- . a transfer gate 44 is connected between the output of the 

Second Embodiment . * j»u • * • * a y « * 1 

mverter 15 and the mput of the mverter 16, An on/off control 

no. 3 shows a ring osciUator circuit lOA of the second ^^e transfer gates 41 and 42 is performed by the start/stop 

embodunent that is employed mstead of the rmg oscUlator signals sxP and *STP in the Uke manner as the case of HG. 

circuits 10, 30 and the selection circuit 40 in FIG. 1. j ^ ^^j^f^ control of the transfer gate 44 is linked with that 

This circuit is the same as the ring oscUlator circuit 10 in of the transfer gate 41. 

the point where inverters 11 to 17 are connected in ring The inverter 19 prevents a current flow from leaking from 

shape. pMOS transistors 71PL and 71PS are connected in the power supply wiring through the inverter 14 to the 

parallel between one end of the inverter 11 and the Vcc grounding wiring when the input of the inverter 14 enters in 

wiring. The gate widths of the pMOS Uansistors 71PL and a floating status near a potential Vcc/2. 

71PS are the same but the gate length of thepMOS transistor ^ charging pump circuit 20 A, a pumping capacitance 

71PL is longer than the pMOS transistor 71PS. nMOS ^an be switched according to the start/stop signals. In other 

transistors 71NL and 71NS are connected in parallel words, the posiuve electrode of the pumping capacitor 23 is 

between the other end of the inverter 11 and the grounding connected to the positive electrode of a pumping capacitor 
wiring. The gate widths of the nMOS transistors 71NL and ^ 26, and the negative electrode of the pumping capacitor 26 

71NS are the same, but the gate length of the nMOS connected via a transfer gate 27 to the negative electrode 

transistor 71NL is longer than the nMOS transistor 71NS. pumping capacitor 23. The start/stop signals *STP and 

The connections for one and the other end ofthe inverters 12 sjp respectively provided to the nMOS and pMOS 

to 17 are like those of the inverter 11. transistors of the transfer gate 27. 

The gate electrodes of pMOS transistors 71PL to 77PL are Qther configurations are the same as those of the first 

connected to the grounding wiring, and these transistors are embodiment. 

normaUy on. The gate electrodes of nMOS transistors 71NL ^hen the start/stop signal STP is at a low, the transfer 

to 77NL are connected to the Vcc wiring, and these tran- g^tes 41 and 44 are off, the transfer gate 42 is on, and a 

sistors are normaUy on. The start/stop signal STP is provided bypass from the output of the inverter 13 via Uie transfer gate 

to the gate electrodes ofthe pMOS transistors 71PS to 77PS, 42 ^ the input of the inverter 16 is formed, thereby 

and the start/stop signal *STP is provided to the gate configuring a ring oscUlator with 5-stage inverters and 

electrodes of the nMOS transistor 71NS to 77NS. aUowing to arise a frequency f higher than that of normal 

The operation of the ring oscUlator circuit lOA configured operation. Therefor, like effects as in the above first embodi- 

as described above is as foUows. ment can be obtained. Also, since the transfer gate 27 is on. 

After power-on, when Vcc reaches about 1.0 V, this 55 the pumping capacitors 23 and 26 are connected in paraUel, 

circuit starts to operate. At this time, the start/stop signals and the charge amount at the pumping capacitors at every 

STP and *STP are at a low and a high respectively, and the pumping pulse is larger than that of normal operation, 

pMOS transistors 71PS to 77PS and nMOS transistors 71NS thereby increasing a current supply capacity of the charging 

to 77NS are on. Since a current supply capacity from the Vcc pump circuit 20A. Thus, the above-described effects 
wiring to the inverters 11 to 17, and a current exhausting 60 improve. 

capacity from the inverters 11 to 17 to the grounding wiring After the above operation, when the start/stop signal STP 

are larger than the case where the pMOS transistors 71PS to becomes at a high, the transfer gates 41 and 44 are turned on 

77PS and the nMOS uansistors 71NS to 77NS are off, an and the transfer gate 42 is turned off, thereby the 7-stage ring 

output frequency f of the ring oscUlator circuit lOA becomes oscUlator circuit lOB is configured with the first part lOo, the 
higher. Thereby, the charging pump circuit 20 in FIG. 1 65 second part 10b, and the third part 10c, aUowing to operate 

driven by the ring oscUlator circuit lOA achieves a higher as the same way as the ring osciUator 10 of FIG. 1. Also, the 

operation speed than normal operation. transfer gate 27 is turned off, allowing the charging pump 
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circuit 20A to operate as the same way as the charging pump 
circuit 20 of FIG. 1. 
Fourth Embodiment 

F\G. 5 shows a semiconductor device of the fourth 
embodiment to which a step-up circuit of the present inven- 
tion is applied. 

Hiis device is a semiconductor memory to which the 
step-up circuit of FIG. 1 is applied, and the power-supply 
potential SVii output from the charging pump circuit 20 is 
applied to a word line WL via a pMOS transistor 4a of a 
word driver 4. For simplification, in FIG. 5, only one 
memory cell 3 is illustrated. 

The charging pump circuit 20 and the selection control 
circuit 50 are part of the internal circuit 1 of FIG. 1 and the 
internal power-supply potential Vu is applied to the anode of 
the diode 24 and the power supply wiring in the selection 
control circuit 50. For example, when Vcc=3.0 V, \^i=2.4 V, 
the internal power-supply potential S\^i is 4.5 V 

According to this semiconductor device, since the time 
that SVu reaches the target values +/-10% is reduced, the 
time until a memory access can be started is also reduced 
compared to prior art. 

Although preferred embodiments of the present invention 
has been described, it is to be understood that the invention 
is not limited thereto and that various changes and modifi- 
cations may be made without departing from the spirit and 
scope of the invention. 

For example, although larger (gate width)/(gate length) is 
preferred for pMOS transistors 71PS to 77PS than pMOS 
transistors 71PL to 77PL, the present invention may be 
acceptable without meeting this condition. 

The number of the inverters connected in cascade in each 
ring oscillator of FIGS. 1, 3 and 5 may be any odd number 
which is 3 or more, and that of ring oscillator lOB in FIG. 
4 may be any odd niunber which is 5 or more. 

Charge pump circuit applied to step-up circuit is not 
limited to the configuration shown in FIG. 1 or 4, and 
various types of it are applicable. 

What is claimed is: 

1. A step-up circuit comprising: 

a selection control circuit, receiving an external power 
supply voltage, for setting a control signal at a first state 
in response to the external power-supply voltage being 
lower than a predetermined voltage which is lower than 
the external power-supply voltage at a stable slate; 

a clock generating circuit for providing a first clock with 
a first frequency when said control signal is at said first 
state and for providing a second clock with a second 
frequency when said control signal is at a second state, 
said second frequency being lower than said first fre- 
quency; and 

a charging pump circuit driven by a selected one of said 
first and second clocks. 

2. A step-up circuit according to claim 1 wherein said 
clock generating circuit comprises: 

a first ring oscillator circuit for generating said first clock 
when said control signal is at said first state; 

a second ring oscillator circuit for generating said second 
clock; and 

a selection circuit for selectively providing said first clock 
to said charging pump circuit when said control signal 
is at said first state and for selectively providing said 65 
second clock to said charging pimip circuit when said 
conU'ol signal is at said first state. 
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3. A step-up circuit according to claim 1 wherein said 
clock generating circuit comprises a ring oscillator including 
an odd number of CMOS inverter stages coimected in ring 
shape, each of said CMOS inverter stages includes: 

a CMOS inverter with a pMOS transistor and an nMOS 
transistor connected in series to each other; 

a first pMOS transistor connected between said pMOS 
transistor of said CMOS inverter and a power-supply 
potential conductor, its gate electrode receiving a 
potential to normally turn on said first pMOS transistor; 

a second pMOS transistor connected between said pMOS 
transistor of said CMOS inverter and said power- 
supply potential conductor, its gate electrode receiving 
said control signal to turn on said second pMOS 
transistor when said control signal is at said first state; 

a first nMOS transistor connected between said nMOS 
transistor of said CMOS inverter and a reference poten- 
tial conductor, its gate electrode receiving a potential to 
normally turn on said first nMOS transistor; and 

a second nMOS transistor connected between said nMOS 
transistor of said CMOS inverter and said reference 
potential conductor, its gate electrode receiving a signal 
associated with said control signal to turn on said 
second nMOS transistor when said control signal is at 
said first state. 

4. A step-up circuit according to claim 3, 

wherein said second pMOS transistor has a value of (gate 

width)/(gate length) which is larger than that of said 

first pMOS transistor; and 
wherein said second nMOS transistor has a value of (gate 

width)/(gate length) which is larger than that of said 

first nMOS transistor, 

5. A step -up circuit according to claim 1 wherein said 
clock generating circuit comprises: 

a first multi-stage inverter circuit including an odd 
number, which is 5 or more, of inverters connected in 
cascade; 

a second multi-stage inverter circuit including an even 
number of inverters connected in cascade; 

a first switch element connected between an output of a 
last stage inverter of said first multi-stage inverter 
circuit and an input of a first stage inverter of said 
second muhi-stage inverter circuit; 

a second switch element connected between an output of 
a last stage inverter of said second multi-stage inverter 
circuit and an input of a first stage inverter of said first 
multi-stage inverter circuit; and 

a third switch element connected between said output of 
said last stage inverter of said first multi-stage inverter 
circuit and said input of said first stage inverter of said 
first multi-stage inverter circuit; 

said first, second and third switch elements being turned 
on, on and off respectively when said control signal is 
at said first state, and said first, second and third switch 
elements being turned off, off and on respectively when 
said control signal is at said second state. 

6. A step-up circuit according to claim 1 wherein said 
charging pump circuit comprises a capacitor which voltage 
is added to said external power-supply voltage and which 
capacitance is switched by said control signal in such a way 
that a value of said capacitance when said control signal is 
at said first state is larger than that when said control signal 
is at said second state. 

7. A semiconductor device comprising a step-up circuit 
formed on a semiconductor chip, wherein said step-up 
circuit comprises: 
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a selection control circuit, receiving an external power 
supply voltage, for setting a control signal at a first state 
in response to the external power-supply voltage being 
lower than a predetermined voltage which is lower than 
the external power-supply voltage at a stable state; 5 

a clock generating circuit for providing a first clock with 
a first frequency when said control signal is at said first 
state and for providing a second clock with a second 
frequency when said control signal is at a second state, 
said second frequency being lower than said first fre- 
quency; and 

a charging pump circuit driven by a selected one of said 
first and second clocks. 

8. A semiconductor device according to claim 7, wherein 
said charging pump circuit is cormected with a power supply 
line having said external power-supply voltage, wherein said 
semiconductor device further comprises: 

a circuit connected with a power supply line having an 

internal power-supply voltage lower than said external 

power-supply voltage; 
an nMOS step-down transistor, its drain receiving said 

external power-supply voltage, its source supplying 

said internal power-supply voltage; and 
a control circuit, connected with a power supply line 25 

having an output voltage of said charging pump circuit, 

for providing a constant voltage to a gate electrode of 

said nMOS step-down transistor. 

9. A semiconductor device according to claim 7, wherein 
said charging pump circuit receives an internal power- 
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supply voltage lower than said external power-supply 
voltage, wherein said semiconductor device further com- 
prises: 

a memory cell including a nMOS transistor with its gate 
electrode connected to a word line; and 

a word driver transistor through which an output voltage 
of said charging pump circuit is provided to said word 
line. 

10. A boost circuit, in a semiconductor integrated circuit 
receiving a first power supply voltage and a second power 
supply voltage, which is lower than the first power supply 
voltage, to operate, comprising: 

a detection circuit connected with a first power supply line 
having the first power-supply voltage, for detecting 
when the first power supply voltage is higher than a 
reference voltage level which is between the first power 
supply voltage and the second power supply voltage, 
and for outputting a detection signal; 

a clock generating circuit for outputting a clock signal 
with a frequency, the frequency changing to be lower in 
response to the detection signal indicating that the first 
power-supply voltage is higher than the reference volt- 
age; and 

a charge pump circuit connected with the first power 
supply line for outputting a boost voltage in response to 
the clock signal. 

« * » * * 
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[57] ABSTRACT 

The present invention provides a power amplifier operating 
with a single power supply. The amplifier includes at least 
one depletion-mode FET for amplifying an ac signal and a 
negative voltage generator for providing a bias to the FET. 
Preferably the amplifier further includes a negative voltage 
regulator to provide a regulated bias to bias the FET for a 
class A, AB or B operation. The negative generator includes 
a multivibrator for producing two clock signals and a charge 
pump which receives the clock signals and produces a 
negative voltage. Advantageously the negative voltage is 
provided as a low reference potential to the multivibrator so 
that the clock signals it produced include a negative voltage 
period, which enables the charge pump to operate in a power 
efficient manner. 

30 Claims^ 18 Drawing Sheets 
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AMPLIFIER USING A SINGLE POLARITY zero-bias saturation current, I^^ the FET conducts current 

POWER SUPPLY AND INCLUDING entire input cycle and consumes power continuously. 

DEPLETION MODE FET AND NEGATIVE For a class AB amplifier, however, the depletion-mode FET 

VOLTAGE GENERATOR ^ biased at one quarter of I^^^ so that the FET is "slightly on" 

5 when there is no input signal. For a Class B amplifier, which 

FIELD OF THE INVENTION typically include two depletion-mode FETs arranged in a 

push-pull fashion such that only one of the FETs is turned on 

The present invention generally relates to the field of during any half cycle of an input sinusoidal RF signal, the 

amplifiers and more particularly, amplifiers having two FETs are biased at pinch-off. 

depletion-mode field effect transistors and operating with a In addition to the negative bias, a depletion FET also 

single polarity power supply. requires a positive bias between its drain and source. Thus, 

a depletion-mode FET requires two biases to operate, a 

BACKGROUND OF THE INVENTION positive bias between the drain and source, and a negative 

„ , , , . r . t)ias between the gate and source. For a typical depletion- 

AlloeUular tetephonescontam anamphfierfor ampUfymg ^^^^ MESFET, the positive bias required is about 3 

transmit signal. Because ceUular telephones are smaU m size 15 volts, and the negative bias is about -0.5 to -4 volts, 

and preferably contain a smgle rechargeable battery, the To provide the positive and negative biases, one may use two 

amplifier IS preferred to operate with a smgle polanty power ^^^^^ ^^^^ 

supply. Moreover, it is preferred that the amplifier consumes ^^ ^^^^ ^ias. It is preferred, however, to use only a single 

low power, particularly when the ceUular telephones are in polarity power supply. 

a "standby" mode. A cellular telephone is in a "standby 20 w u 

J « iT • Li * ■ • 1 • J- There are several known power amphfiers which operate 

mode when it is able to receive a nng signal indicating an . . . , , ^ ^ ^^^^ ^ , K ^ 

„, , , J . • 1 1 • * • with a smgle polanty power supply. FIG. 1 depicts a 

mcommg call but cannot send a transmit signal unless It is . 5 i c ^ j i j 

■ . J • iL c J »u * *u rrr u u- u self-biased GaAs amplifier contammg a depletion mode 

activated. It is further preferred that the amphfier has high ^ . ^^rp m t^. a - p ♦u ct:?- ■ ♦ j # 

L i * • J i_i J 1- 1*1 ? GaAs FET 10. The drain of the FET is connected to a 

power capabimy, is durable and can be made at low cost. j i. i \, *i. u • j, ♦ 

r r jy positive dc voltage supply, +V^2?» through an mductor 15; 

Power amplifiers used in cellular phones typically include connected to ground through a resistor 20; the 

at least one transistor for signal amplification and a transistor g^te is dc biased to ground through an inductor 25. A 

biasing circuit. Aknown amplifier includes a discrete silicon capacitor 30 is connected in paraUel to resistor 20 for 

power transistor such as a silicon bipolar transistor or an providing an ac path fi"om the source to ground. An input ac 

enhancement-mode sUicon MOSFET, and a transistor bias- ^^^^^^ is provided at the gate of the FET. 

ing circuit which is not moiiohthically integrated with the amplifier, resistor 20 operates to establish a nega- 

power transistor. This amphfier has certain advantages: y^^^ ^^^^ More specifically, 

sihcon technology is weU understood and weU developed; ^^^^^^ ^ grounded through inductor 25 and the 

sihcon power transistors are readily available; a discrete ^^^^ ^ ^ -^^^ ^^^^.^1 ^^ich equals to the voltage 

s±con transistor can be individually optunized for power or ^^^^^^^ 20, the gate is biased at a potential that is negative 

efficiency. It however suffers the following drawbacks. ^^^^^^^ amplitude of the negative 

First, as compared with GaAs transistors, silicon transis- bias approximately equals to the voltage on resistor 20. 
tors are generaUy slower in speed and have lower power self-biased ampHfier is not suitable for cellular 
capabiUty. Second, it is difficult to monolithically integrate communications because, under high power and high fre- 
a silicon power transistor with its biasing circuit, because a ^ ^^^^^^ conditions, the impedance of inductor 25 and capaci- 
siHcon integrated circuit ("IC") has large parasitics espe- 30 are no longer negligible. As a result, the amplitude of 
cially at high frequencies. The large parasitics are caused by jjje negative bias is affected by the input signal. Moreover, 
the pn junctions used in a silicon ICs for device isolation. In so^^ce of the FET is required to directly connect to 
comparison, device isolation in a GaAs IC is typically ground for high fi-equency operations, a topology not avail- 
accomplished by simply forming each device on a mesa on ^^^^ ^ amplifier. 

a semi-insulating substrate, which results in lower parasitics. ^ improved self-biased amplifier is described in U.S. 

Further, because of its lower electron mobility and Pat. No. 5^74,899 to Griffiths et al. As depicted in FIG. 2, 

velocity, silicon transistors need to be optimized for power. this amplifier includes, in addition to capacitor 20 and 

The optimized transistors generally have structures not resistor 30, a diode 35 connected in parallel to the resistor, 
compatible for monolithic integration. Consequently, a sili- 5Q with increased input ac signal, the diode becomes more 

con power transistor used in a power amplifier is normally conductive and consequently, the variation of the source 

a discrete device, which results in increased assembly cost voltage is reduced. Although this circuit appears to have 

and reduced reliability. improved power and gain operation over the conventional 

GaAs based transistors are more preferable than silicon self-biased amplifier, it remains a disadvantage that the 
transistors for use in amplifiers because they provides higher 55 source of the FET is not directly connected to ground, 

power and are capable of operating at higher frequencies. Referring to FIG. 3, another known amplifier uses a 

Moreover, they can be monolithically integrated with a portion of the input ac signal rectified by a rectifier 36 to 

GaAs biasing circuit. Among GaAs field effect transistors generate a negative bias. The rectifier consists of a diode 37, 

("FETs"), depletion-mode GaAs FETs are most suitable for a resistor 38 and a pair of capacitors. A major drawback of 
cellular communications because they provide higher power 50 this amplifier is that in order to generate the negative 

and operate at higher frequencies than enhancement-mode voltage, it consumes a portion of the input RF signal, thus 

GaAs FETs. diminishing the already precious RF source signal. Another 

To bias a depletion-mode GaAs FET at a desired operat- problem is that the rectifier generates a relatively stable 

ing point, a negative bias must be applied between the gate negative voltage only when the input RF signal is an analog 
and source of the FET. The amplitude of this bias depends 65 signal. When the input RF signal is digital, the amplitude of 

on the particular appfication the amplifier is intended. For a the negative voltage varies and it depends on the density of 

class A amplifier, the FET is biased at one half of its transmit data. 
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U.S. Pat. No. 5,327^83 to Yamada et al. describes gen- and the output terminal of the first inverter. Two resistors, 

erating a negative bias using a clock signal of a microcom- one coupled between the input terminal of the first inverter 

puter. As depicted in FIG. 4, the clock signal is provided and ground, and the other between the input lenniDai of the 

from a microprocessor (not shown) to a CMOS inverter and second inverter and the generated negative voltage, are 

then to a circuit 39 which generates a negative voltage. 5 included. The clock signals generated by the multivibrator 

We believe this circuit has some significant drawbacks. inverting signals. 

First, due to process variations in fabricating FETs, the In a more preferred embodiment, the inverters are realized 

zero-bias samration current of each FET varies slightly from with FETs. More specifically, the first inverter includes an 

device to device. As a result, circuit 39 appears to require FET with its source connected to ground, its drain connected 

individually tuning in order to provide a precise negative 10 to a load and to the output terminal of the first inverter, and 

bias, which requires additional manufacturing steps. Second, its gate connected to the input terminal of the first inverter, 

this amplifier is not power efficient because one half of the The second inverter comprises another FET with its source 

clock signal passes through diode 45 to ground. Further, connected to the negative voltage, its drain connected to 

although circuit 39 includes two capacitors to smooth ripples another load and to the output terminal of the second 

in the negative bias, we believe that certain amount of inverter, and its gate connected to the input terminal of the 

ripples still exists which interferes with input ac signal and second inverter. Preferably, the FETs are all depletion-mode 

causes the noise level to increase. It is preferred that the GaAs FETs, and the two loads are also depletion mode 

ripples be reduced. FETs. 

It is therefore an object of the present invention to provide In accordance with the present invention, the charge pump 

an amplifier having at least one depletion-mode FET and comprises four electronic switches, a pump capacitor and a 

operating with a single polarity power supply; hold capacitor. More specifically, first and second electronic 

it is a further object to provide a negative voltage gen- switches are connected in series and between the power 

erator within the power amplifier to generate a negative supply and ground; second, third and the hold capacitor are 

voltage for biasing the FET* connected in series and between ground; the hold capacitor 

it is still another object to regulate the negative voltage ^ «>^Pl«^ ^^^f ° '^f. ^'^T^'T""! '^a f '^T'^ Tl?""^ 

generated by the negative voltage generator to a desired mtersection of the third and fourth switches, 

level before providing it to the depletion-mode FET; The clock signals provided to the charge pump includes 

^A..^^ ;« iVs^ two phases: a pump phase and a transfer phase. During the 

it is another object to reduce ripples m the negative ^ . . t. 

^1,^^^ , , u„ „/if«„« ,n pump phase, the first and third electronic switches which are 

voltage generated by the negative voltage generator; 30 . ' , j , , • , , . , 

^ . , r . 1 responsive to the second clock signal, are closed, and the 

it is still a fiirther object to regulate the negative voltage ^^^^^ ^^^^^ electronic switches which are responsive 

generated by the negative voltage generator and to make it ^^^^^ ^^^^^^ ^^^^ ^^^^^^^ ^^^^^^^ ^^e pump 

msensiuve to small vanalion m the negative voltage; and capacitor. During the transfer phase, however, the first and 

it is a further object to make the negative voltage regulator third electronic switches are open and the second and fourth 

power efficient and particularly when the amplifier is in a electronic switches are closed, thereby transferring charges 

stand-by mode. from the pump capacitor to the hold capacitor and in the 

SUMMARY OF THE INVENTION ^'^'^^^ P'^*^"'^^"^ a negative voltage across the hold 

capacitor. 

Those and other objects are achieved in the present ^ Xo further improve the power efficiency of the charge 

invention which provides a power amplifier operating with pump, when coupling the clock signals to the second switch 

a single polarity power supply. in the charge pump, the first clock signal is slightly delayed 

In accordance with the present invention, a amplifier with respect to the second clock signal. This slight delay 

comprises an amplifying stage having at least one depletion- prevents the first and second switches from being simulta- 

mode FET, and a negative voltage generator providing a 45 neously closed during the initial moment when the clock 

negative bias to the FET. The negative voltage generator signals change from the pump phase to transfer phase, 

includes a multivibrator producing two clock signals, and a thereby preventing a direct current path from the power 

charge pump which receives the two clock signals and supply through the first and second switches to ground. As 

generates a negative voltage. Advantageously, the generated a result, the power efficiency of the charge pump is 

negative voltage is then provided back as a low reference improved. In a preferred embodiment, the delay is accom- 

potential to the multivibrator. As a result, the clock signals pished by an RC network connected between the first output 

generated by the multivibrator contain a negative potential terminal of the multivibrator and the second switch, 

period, which enables the charge pump to operate in a power j^, ^ preferred embodiment of the charge pump, the 

efficient manner. electronic switches are realized by four FETs: a first FET 

Preferably, the amplifier further includes a negative volt- 55 with its drain coupled to the power supply, its gate connected 
age regulator which regulates the negative voltage to a value to receive the second clock signal; a second FET with its 
such that it accurately biases the depletion mode FET in the drain coupled to the source of the first FET, its gate con- 
amplifying stage to a desired operating point. No tuning is nected to receive the first clock signal, and its soiu-ce 
required to achieve the accurate bias. The negative voltage coupled to ground; a third FET with its drain coupled to 
regulator also operates to smooth the waveform of the 60 ground, a gate coupled to receive the second clock signal; 
negative voltage and to reduce amplitude of ripples present and a fourth FET with its drain connected to a source of the 
in the negative voltage. third FET. Coupled between the source of the first and third 

In a preferred embodiment, the multivibrator includes two FETs is a pump capacitor. A hold capacitor is coupled 

inverters, each having input and output terminals. A capaci- between the source of the fourth FET and ground. Two 

tor is coupled between the input terminal of a first inverter 65 capacitors, a first coupled between the gates of the first and 

to the output terminal of a second inverter. Another capacitor third FETs and a second coupled between the gates of the 

is coupled between the input terminal of the second inverter second and fourth FETs, couple the clock singles to the third 
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and fourth FETs. A resistor, coupled between the gate and FIG. 8Ais the block diagram of a multivibrator contained 

the source of the fourth FET, bootstraps the FET at the in the negative voltage generator; 

negative voltage which is provided at the source of the FIG. 8B is the schematic circuit diagram of the preferred 

fourth FET. embodiment of the multivibrator; 

In another preferred embodiment of the charge pump, the 5 FIG. 9A depicts a charge pump used in the negative 

switches are realized by two FETs and two diodes: a first voltage generator; 

FET with its drain coupled to the power supply, its gate FIGS. 9B-H illustrates the equivalent circuit and results 

connected to receive the second clock signal; a second FET of simulation of the charge pump during diflferent phase of 

with its drain connected to the source of the first FET, a gate operation; 

connected to receive the second clock signal, and a source lO FIG. 10 shows the schematic circuit diagram of a pre- 

coupled to ground. The cathode of the first diode is coupled ferred charge pump; 

to the groimd. A second diode has its cathode coupled to the FIG. 11 illustrates the schematic circuit diagram of 

anode of the first diode. The pump capacitor is coupled another preferred embodiment of the charge pump; 

between the source of the first FET and the anode of the first FIGS. 12A-B show the schematic circuit diagram of a 
diode. Coupled between the anode of the second diode and 15 preferred embodiment of the negative voltage generator and 

ground is the hold capacitor. The negative voltage is pro- a clock signal waveform within the generator, respectively; 

vided across the hold capacitor. FIG. 13 shows the schematic circuit diagram of another 

The negative voltage regulator of the present invention preferred embodiment of the negative voltage generator; 

utilizes a current mirror. In a preferred embodiment, it FIG. 14 depicts the schematic circuit diagram of a pre- 

comprises a current source and three FETs: a first FET with f^^^^ embodiment of the negative voltage regulator of the 

its drain coupled to the current source and its source con- present invention; 

nected to ground; a second FET with its drain coupled to the piG. 15 depicts an output small signal equivalent circuit 

power supply and its gate coupled to the drain of the first of the preferred embodiment of the negative voltage regu- 

FET; a third FET with its drain coupled to the source of the lator* 

second FET and also to the gate of the first FET. The gate 25 ^ schematic circuit diagram of another 

and source of the third FET is connected together and to the preferred embodiment of the negative voltage regulator; 

negative voltage to be ^gulated The regulated negative p,Q ^^^^^^^^ ^^^.^ ^. alternative 

voltage IS provided at the dram of the thml FET The current .^bodiment of the negative voltage reiulator shown in FIG. 

source can be reahzed with a resistor or an FET. In a more -^g. * & & 

preferred embodiment, the gate-width of the first FETs is ' ^ ..... 

L . 1 . . 1 L- J 1 J FIG. 18 IS the schematic cwcuit diagram of an alternative 

such that the regulator accurately biases the depletion mode , ^ ^«xi wi.au n luou v 

ccT- ♦u « I P • ^ ♦ ^ *^ « J ■ A ^f^-^ ■ * embodiment of the negative voltage regulator shown m FIG. 

FET in the ampliiymg stage to a desu^ed operatmg point. ^. ^ & & 



In another preferred embodiment, a negative voltage r^,^ ■ *u i. * • j- c . *u 

, , .... J ^ ^ ^ ' FIG. 19 IS the schematic circuit diagram of yet another 

regulator with improved temperature performance is pro- c j u j- * f *u u i . 

•5 J . if . • J r * J 35 preferred embodiment of the negative voltage regulator With 

vided. This regulator is comprised of a current source, and r i * •* • j 

♦u TTc-r u • u ; ^ f 11 a * cct- ^ feedback to the cu-cuit mirror; and 

three FETs which are connected as follows: a first FET with / 

its drain coupled to the current source, and its source FIG 20 depicts the simulated comparison of temperature 

connected to ground; a second FET with its drain coupled to '^-^ regulators shown m FIG. 14 and RG. 19. 

the power supply, and its gate coupled to the drain of the first DETAILED DESCRIPTION OF THE 

FET; a third FET with its drain coupled to the source of the ^ INVENTION 

second FET, its gate and source connected together and to jhe present invention provides an amplifier which 

the negative voltage to be regulated, lljc gate of the first ^^^^^^^ ^^ j^as, depletion-mode FET biased by an 

FET IS resistively coupled to the gate of the depletion mode imernaUy generated negative voltage and which operates 

FET in the amphfymg stage. The regulated negative voltege ^ ^^^^ j^^^ty power supply 

is provided at the drain of the third FET which is resistively ^ ^ j^, ^^^^ ^^^^^ ^ ^ 

coupled to the gate of depletion-mode FET in the amphfymg supply providing only single polarity power. It may 

include a single power source such as a single battery, and 

Advantageously, the coupling between gate of the first j^ay include a number of power sources arranged to 

FET and the gate of the depletion-mode FET provides a provide single polarity power. For example, a 12 volt 

feedback of leakage current at the dram-to-gate junction of rechargeable battery is a single polarity power supply since 

the depletion-mode FET As a result of this feedback, the provides a +12 volt power. A power supply including a 

performance of the regulator under increased temperature is piuraUty of batteries arranged to provide +12, +5 and +3 volt 

improved. power is also a single polarity power supply since it provides 

BRIEF DESCRIPTION OF THE DRAWINGS 55 only one polarity power. However, a power supply contain- 
ing two batteries and operating to provide a +5 volt power 

Tliose and other objects, features and advantages of the ^ .3 ^^j^ p^^^^ 3 si^gig polarity power supply 

present mvention will be more apparent from the foUowing because the power it provides has two polarities. The 

detailed description in conjunction with the appended draw- amplifier of the present invention requires only a single 

ings in which: polarity power supply to operate. 

RGS. 1-4 Uluslrate prior art GaAs amplifiers; Referring to HG. 5, an amplifier 100 of the present 

RG. 5 is a block diagram of an amplifier of the present invention comprises an amplifying stage 105 having a 

invention; depletion-mode FET 110, and a negative voltage generator 

FIG. 6 depicts the block diagram of a negative voltage 10^ providing a negative bias to the FET. FET 110 receives 

generator of the present invention; 65 an input ac signal 104 at its gate; the source of the FET is 

RG. 7 shows the block diagram of a preferred embodi- directly connected to ground; the drain is coupled a power 

ment of the amplifier, supply, +V^. 
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Depicted in more detail in FIG. 6, negative voltage A "depletion- mode FET* used herein refers to any PET, 

regulator 107 comprises two portions: a multivibrator 115 the operating point of which is set by applying a negative 

and a charge pump 120, Multivibrator 115 produces two voltage between the gate and the source. The term 

clock signals, ^1 and 4>2, preferably one being the inverting "enhancement-mode FET' used herein refers to any FET, 
signal of the other. Receiving the two clock signals, charge 5 the operating point of which is set by applying a positive 

pump 120 generates a negative voltage -V^^ for biasing the voltage between the gate and the source. 

FET in the amplifying stage. Advantageously, the negative The amplifier of the present invention will now be 

voltage, -V^^, generated by the charge pump, is provided described in detail in terms of the negative voltage generator 

back to the muhivibrator by means 119 as a low reference and the negative voltage regulator, 
potential. Because of this negative low reference potential, 10 piQ 8a is a block diagram of a preferred embodiment of 

the clock signals generated by the charge pump contain a ^ multivibrator 130. Multivibrator 130 comprises two invcr- 

negative voltage period, which aUows the charge pump to 132 and 134. The input of inverter 132 is coupled to the 

operate in a power efficient manner. output of inverter 134 through a capacitor 136, whereas the 

In a preferred embodiment illustrated in FIG. 7, amplifier input of inverter 134 is coupled to the output of inverter 132 
100 further includes a negative voltage regulator 108 which 15 by a capacitor 138. A resistor 140 connects the input of 

receives the negative voltage generated by negative inverter 134 to ground. The input of inverter 134, however, 

voltage generator 107 and provides a more precise negative is connected to a negative voltage -V^^ by a resistor 142. 

volUge for biasing depletion-mode FET 110 to a desired This multivibrator provides two inverting clocking signals 

operating point. Such desired operating point includes, for <j)i and ^2 at the output terminals of the inverters, the period 

example, for class A operation, one half of I^^ of the ^y^c which depends on the values of resistors 140 and 142 

depletion mode FET, for class AB operation one quarter of and capacitors 136 and 138. Advantageously, because of the 

I^^, or around the pinch-off for class B operation. negative voltage -V^, output clock signals (t>l and ^2 

In a preferred embodiment, amplifier 100 is a hybrid include a negative potential period 144. 

comprising two monolithic integrated GaAs circuits, one FIG. 8B illustrates the schematic circuit diagram of the 

including amplifying stage 105 and negative voltage regu- preferred embodiment of the multivibrator, wherein the two 

lator 108 and the other containing negative voltage generator inverters are formed by two pairs of GaAs FETs, 146 and 

115. Forming the amplifier as a hybrid reduces the interfer- 148, and 150 and 152, respectively. Preferably, all of the 

ence between the input ac signal and the clock signals in the GaAs FETs are depletion-mode n-channel GaAs FETs and 

negative vohage generator. If desired, however, the entire they have long gate-length to reduce power consumption, 

amplifier can be made as a monolithic integrated circuit. For example, the gate-lengths for FETs 146, 148, 150 and 

It should be noted that, although the amplifying stage as 150 are 4 microns, as compared to the gate -length of 0.5 
shown includes a single depletion-mode FET, it would be micron for FET 110 in the amplifying stage. Longer gate- 
apparent to those of skill in the art that a cascade amplifying length results in lower current and it conserves power. In this 
stage comprising a plurality of depletion-mode FET can be multivibrator, FETs 148 and 152 functions as load to FETs 
used in the amplifier, which is within the scope of the present 146 and 150 and they may be replaced with resistors, 
invention. It is important that the source of FET 150 is connected to 

As it will be detailed later, the amplifier of the present the negative potential -V^^. This negative potential causes 

invention operates in a power efficient manner and in the low potential of the clock signals to be negative, which, 
particular, consumes little power when in a standby mode. ^ as detailed below, is critical for turning off depletion mode 

Moreover, the operating point of the FET is accurately set by FETs in the following charge pump to achieve power 

the negative voltage regulator. Further, the amplifier is small efficient operation. 

in size and can be made at low cost. Because of those The charge pump of the present invention is now 

advantages, the amplifier is specially suitable for use in described with reference to FIGS. 9A-11. 

cellular communications. Referring to FIG. 9 A, a charge pump 154 of the present 

In this application, unless otherwise specifically provided, invention includes a first pair of electronic switches 156 and 

a "negative" or "positive" potential or voltage refers to a 158 driven by clock signal <t)2, and a second pair of elec- 

potential with respect to ground. Thus, a negative voltage or tronic switches 160 and 162 driven by clock signal ^2. 

potential is a potential that is more negative than the ground Coupled between the first pair of switches is a pump 
potential, and a positive voltage is a potential more positive 50 capacitor Cp. A hold capacitor C^^ connects switch 162 to 

than the ground potential. A "positive terminal of a power ground. 

supply" used hereinafter refers to a terminal of the power The charge pimip operates as follows: inverting clock 

supply that provides a positive voltage. A "positive power signals (j)l and <^2 contain two phases, a pump phase 164 and 

supply" refers to a power supply so connected that it a transfer phase 166. During the pump phase, the first pair 
provides a positive voltage to an amplifier. 55 of switches are closed, connecting the pump capacitor 

A "field effect transistor" ("FET') used herein refers to between power supply +V^^ and ground, and the second pair 

any transistor that comprises a gate, a source and a drain, and is open. The pump capacitor is thus charged by the power 

that the current from the drain to source is controlled by the supply. 

voltage between the gate and the soiu-ce. It covers, without During the transfer phase, the first pair of switches are 
limitation, FETs based on any material such as silicon, 60 open and the second pair are closed. Consequently, a portion 

GaAs, InP and it also includes he teroj unction FETs based on of the charge on the pump capacitor Cp is transferred to the 

material such as GaAlAs/GaAs, InGaAs/InP or Si/Ge. hold capacitor C,,. Because the voltage across capacitor C^ 

A "GaAs FEP' used herein refers to any FET that cannot be instantly changed, switching from the pump phase 

comprises GaAs material and it includes, without limitation, to transfer phase produces a negative voltage across the hold 
GaAs MESFETs, GaAs high-electron-mobility-transistors 65 capacitor. 

("HEMTs") or GaAs modulation doped-FET The preferred charge pump of the present invention is 

("MODFETs")- especially power efficient for two reasons. First, because the 
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RpCp 



voltage and the transient voltage: 



clock signals are inverting, the first and second pairs of 

switches are not closed at the same time during either the ^ / Vp- ^p- Vf V ^^^^ (^) 

transfer or pump phase and consequently, there is no direct ^i^'^y j * 

dc current path from the power supply to ground. (As it will . ... 

be discussed later, at the initial moment of switching from 5 The transient voltage V^p across the pump capacitor is given 

the pump phase to transfer phase, there may be a dc current 

path from the power supply through switches 156 and 160. ^ (S\ 

This dc path was eliminated by slightly delaying the first Vcf{s)^{Vo-Vp-Vf) — 

clock signal ^\ by, for example, an RC network). 

Second, when the charge pump is first turned on and j^ote that represents the charge stored on the pump 
begins to operate, during the transfer phase, a portion of the capacitor before the pump phase. The resulting voltage 
charge on the pump capacitor is transferred to the hold ^ y ,j ^^e pump phase (t=T, with t=0 

capaator, and the negative voltage across the hold capacitor of the pump phase) is the sum of the initial 

will continue to build durmg the transfer phase until it 15 ^ ^ 

matches the negative voltage on the pump capacitor. There- 
after no further charge is transferred from the pump capaci- 
tor to the hold capacitor. Assuming a subsequent load circuit 

connected to -V^ draws Uttle current, after the initial v;Rp(7'i>W0)+(Vo-v>,<0)-v»(i-tf-'^t/^'^') (6) 

period, no charge is transferred from the pump capacitor to 20 

the hold capacitor; the charge pump thus draws little power Transfer Phase 

from the power supply. FIG. 9D shows an equivalent circuit diagram of the 

The charge pump is analyzed below in terms of its steady ^^^^^^ P"°^P ^^^^^^^ ^^^8 ^'^"^^^^ P^^^' "^^^'^ ^ 

state voltage, output impedance, supply current waveforms ^^^^^ ^^^^^g^ ^^^p is included for the case when 

and settling time, by breaking the operation into a piece-wise switch 162 is a diode. This circuit is analyzed below using 

linear representation within each of the pump and transfer linear superposition. 

phase. Within a clock cycle, the duration of the pump phase First, set all voltages to zero and analyze the effect of the 

is and the transfer phase is Tj. load current. The output voltage is given by: 

Pump Phase 30 

FIG. 9B shows an equivalent circuit of the charge pump 
during the pump phase. The charged stored on the hold 
capacitor is represented by a step voltage source V^. The 
hold capacitor is continually discharged during the entire 
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RiCp 
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RtCs 



(7) 



pump phase by a dc load I^. In the pump phase, the discharge where R7=(R3+R4) and is the series combination of the 
is not replaced so the negative output voltage W^s ^ given capacitance of Qp and C„. The voltage across the hold 
by: capacitor due to the load current alone is then expressed as 



(8) 



At the beginning of the pump phase (t-0), the negative ^''^^^^ «=0 ^ beginning of the transfer phase, 
voltage V55 is expressed as: ^ss impedance of the pump capacitor can be used 

to calculate a pump current, and then find the voltage 
4 (2) across the pump capacitor: 



Voltage Across 



1 (9) 



Thus, Vss displays ripples in its output waveform and the Pump capacitor " RjChCp ^ ^ 1 1 52 

peak-to-peak amplitude of the ripples is I^T^/C^. According [ RtCs 

to equation (2), the amplitude is reduced by increasing the . .t_ j ^ c *i. 1. 1 j 

value of bold capacitor C„ or decreasing the length of the '•^S""'?" °f »^ P"7 ^»P««'0' voltage leads 

pump phase. T,. or combSalion of both \^'^ ^'^'^S^' f° "".'^ ^^^^B** »° 

^ . the load current alone is expressed as 

While hold capacitor is discharging, pump capacitor 

is charged during this pump phase. Referring to FIG. 9C, r -1 ^jq) 

the charge stored in pump capacitor Cp is represented by a v>i<0 = — ^ I ^~^^^"c^ (1 _c-tf^i<^*) J 

voltage source Vp. Since Switch 158 may be implemented 

with diodes, a forward voltage drop of is included as the Next, set the load current to zero and restore all the voltages 

voltage drop on the diodes. This voltage drop can be set to in the circuit, as shown in FIG. 9E. The voltage across the 

zero for transistor-based switches (to a first order hold capacitor is given by 
approximation). A pump current 1^(8) is given by: 



60 



Voltage Across (Vp-Vf+Vw) / 1 \ 1 

( Vd-Vp ~Vf \ I 1 \ (3) Hold Opacitor " RjCh | ^ 1 \s 

— 5; — H ) ^ '^'^^ f 

y RpCp J In ctiaoHw ctQt*» aftpr initial ctart.iin trancif>ntc hav«> cii 



(11) 



65 In steady state, after initial start-up transients have subsided, 
where Rp=(Ri+R2). In the time domain, the pump current is ^sJ<P)^^s^i'^^2i ^ voltage across the hold 

given by: capacitor due to the initial voltages alone is expressed as 
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Conservation of Charge 

In steady state, the total charge supplied during a clock 
cycle to the load must equal the charge obtained from the 
power supply during the pump phase: 30 



(16) 



^ if{i)dt~lL{Ji-T2) 



35 



Using Equation (4), the steady pump capacitor voltage at the 
beginning of a clock cycle is then: 



40 



Ciii-c-n/upcp) 



(17) 



The supply current is then given by: 

4(7-1 + r2) 



/?fCp(l-e-'"i«iO) 



(18) 



as shown in FIG. 9F. 

Output Voltage and Impedance 

The steady state voltages at the beginning and end of the 
pump phase are given by Equations (2), (6), (14) and (17). 
These may be solved for V^^O) to obtain the steady state 
output voltage. Substituting Equations (2), (6) and (17) into 
Equation (14), the following equation is obtained: 



12 



Vss(0) - VJTi) - {VMn) -Vf+ VssiT{)) (1 - c- W^) ^^^^ 

Similarly, for the pump capacitor the voltage due to the ^ 
initial voltages alone is expressed as 

Vpp{Q) - Vpp(T{) - (v>Kro - + Vss(Ti)) (i - c^^f) ^^^^ 

Using linear superposition, the total voltage across the hold lo 
capacitor at the end of the transfer phase is given by 
combining equations (8) and (12): 

Cs (14) 

The total voltage across the pump capacitor is obtained by 
combining Equations (10) and (13): 20 

Vw<0) - Vp^TO - [Vpp(Ti) - Vf + Vss(ri)]-^ (1 - e-ii^7C5) _ ^^^^ 



CP [ 



-continued 
1 



^t^Ti/RpCp _ 1) (1 _ c-^I^ 



Settling Time 

An important consideration is how fast the charge pump 
reaches a steady state voltage when it is first turned on. The 
above equations can be written in matrix form to give a 
transition matrix A that relates the voltages at the start of 
cycle to the voltages at the beginning of the next cycle. This 
matrix can be applied m times to give the voltages at t^MT, 
where T=Ti+T2: 



Vpp(mT) 
1 



(21) 



The transient behavior of V^^ is almost exponential. 
While it is difficult to solve for a ''best fit", a good estimate 
of the behavior is given by: 



25 



Vssit) - {-Vd + 2Vf + 4Kss)(l - c 



-i/RssCfKi*- 



cs 

CH ) 



(22) 



The time constant is given by T^^R^jCH (1=C^/C^). FIG. 
9H shows the comparison between the result of a PSICE 
simulation (curve 200 for charge pump capacitor of 100 
nano-farads and curve 202 for charge pump capacitor of 10 
nano-farads) and the ones obtained with Equation (22) 
(curves 204 and 206 for charge pump capacitor of 100 
nano-farads and curve 202 for charge pump capacitor of 10 
nano-farads, respectively). The y-axis of the plot is the 
negative voltage V^^ as a function of time t, and the x-axis 
is the time. FIG. 9H shows that Equation (22) fairly accu- 
rately calculates V^. 

Based on the above analysis, the sensitivity of some 
important charge pump parameters such as switch resistance 
and the capacitance of the pump and hold capacitors are 
summarized below: 



Parameter 



Decrease Value 



Increase >^lue 



45 



switch 
resistance 

pump capacitor 
50 hold capacitor 



*lower output impedance 
•greater device size 
*lower Ton 

*higher output impedance 
♦smaller physical size 
•higher T^^ 

•higher output impedance 
•smaller physical size 
•higher output rqsple 
•lower Toj^ 



•higher output impedance 
•smaller device size . 
•higher Ton 

•lower output impedance 
•larger physical size 
•lower Ton 

•lower output impedance 
•larger physical size 
•lower output ripple 
•higher Ton 



Where R^^ is the derivative of V^^ with respect to I^. 

The dc behavior of the charge pump is represented as a 
voltage source in series with an output resistor R^^ as shown 
in FIG. 9G. The value of Rss ^ given by: 



Rss 



55 The above analysis sets forth the basic design principles 
for charge pump circuit. 

In a preferred embodiment, the schematic circuit diagram 
of which is shown in FIG. 10, the charge pump comprises 
four depletion-mode GaAs FETs 170, 172, 174 and 176. The 
gates of FETs 170 and 172 are connected by a capacitor 178. 
The gates of FETs 174 and 176 are coupled by a capacitor 
180. To ensure FET 176 be turned off during the pump 
phase, its gate is bootstrapped to the negative voltage 
(20) by a resistors 182. 

65 This preferred charge pump operates as follows: at the 
beginning of the pump phase, the potential at the drain of 
FET 174, which is connected to the source of FET 130, is 
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close to the ground potential. The positive pulse in the clock 
signal ^2 applied to FET 170 and the negative pulse in clock 
signal ^1 applied to FET 174 turn on FET 170 and turn off 
FET 174. Preferably, the positive and negative pulses are 
such that FET 170 remains turned on and FET 174 remains 5 
turned off during the entire pump phase. 

Still at the beginning of the pump phase, the potential at 
the source of FET 172, which is connected to the drain of 
FET 176, is close to a steady state negative potential -W^ 
generated by the charge pump. The positive pulse of clock 10 
signal (j)2 applied to the gate of FET 172 through capacitor 
178 turns on FET 172. Preferably, positive pulse of clock 
signal (|>2 keeps FET 172 turned on during the entire pimip 
phase. 

Also at the beginning of the pump phase, the negative 15 
pulse of (t)l applied to FET 176 through capacitor 180 turns 
off the FET. Preferably, with a properly designed negative 
pulse, FET 176 remains turned off during the entire pump 
phase. Thus, during the pump phase, the charge capacitor is 
charged. 20 

Conversely, during the transfer phase, FETs 170 and 172 
are turned off and FETs 174 and 176 are turned on, and a 
portion of the charge stored on the charge capacitor is 
transferred to the hold capacitor. 

In another preferred embodiment, the schematic of which 25 
is illustrated in FIG. 11, a charge pump comprises two 
depletion mode GaAs FETs 186 and 188 connected in series 
and between power supply + V^^ and ground, and two diodes 
190 and 192. A hold capacitor is connected between 
ground and diode 192. A charge capacitor Cp is connected 30 
between the FETs 186 and the diodes. 

This charge pump operates as follows: during the pump 
phase, a positive pulse in clock signal ^2 applies to FET 186 
and turns it on. Meanwhile, FET 188 is turned off by a 
negative pulse in clock signal Consequently, charge 35 
capacitor Cp is charged through the loop including the 
power supply +Vjj, FET 186, diode 90 and ground. During 
this time, diode 192 does not conduct current because it is 
reverse biased. 

During the transfer phase, FET 186 is turned off by clock 40 
signal (t)2 and FET 188 is turned on by clock signal cj)!, thus 
connecting one end 194 of the charge capacitor to the ground 
and forcing the voltage at the other end 196 to become 
negative. Diode 192 therefor becomes forward biased and 
conducting. As a result, a negative voltage is provided at the 45 
junction between diode 192 and the hold capacitor C„, 
Diode 190 is turned off because it is reverse biased. 

It will be apparent to those of skill in the art that, although 
the described preferred embodiments comprises depletion 
mode GaAs FETs for they provide higher current than 
enhancement-mode FETs, other types of FETs including 
enhancement mode FETs or silicon FETs may also be used 
in the charge pump, which are all within the scope of the 
present invention. 

FIG. 12 A illustrates the schematic circuit diagram of a 55 
preferred embodiment of the negative voltage generator of 
the present invention. In the circuit diagram, "+V^^" is a 
positive terminal of a power supply; "-V^" indicates a 
circuit terminal where an output negative voltage -V^^ is 
provided. Preferably, all of the components except pump 60 
capacitor Cp and hold capacitor C^ are monolithically 
integrated on a GaAs substrate. Because the pump capacitor 
Cp and hold capacitor C^ are generally large in size, they are 
off-chip components externally connected to the integrated 
circuit. 65 

As shown, a negative voltage generator 220 comprises a 
multivibrator 225 generating inverting clock signals (|>1 and 



(j)2, and a charge pump 230 which receives the clock signals 
and generates a negative voltages, -V^^. An RC network 
including a capacitor C3 and a resistor R3 couples clock 
signal (|)1 to FET 228 of the charge pump. 

Multivibrator 225 includes four depletion-mode GaAs 
MESFETs, two capacitors C^ and C2, and two resistors R. 
The period of the clock signals depends on the capacitance 
of capacitors C^ and and the resistance of resistors R, and 
it is about TRxiC^-k-C^. 

The charge pump has been described in detail previously 
in this application. Importantly, the negative voltage -V^ 
generated at the output of the charge pump is provided back 
to the multivibrator and more specifically, to the source of 
FET 225 in the multivibrator to ensure the lower potential of 
the clock signals is negative. The negative period in the 
clock signal ensures the FETs in the charge pump are 
properly turned off when required. 

When coupling clock signal <i)l to FET 228 of the charge 
pump, the RC network of C3 and R3 introduces a slight 
delay in the clock signal for turning on FET 228 during the 
initial moment of the transfer phase such that FETS 228 is 
turned on only after FETs 226 is turned off. As a result, there 
is no dc current path from +V^^ to the ground through FETs 
226 and 228 when the charge pump switches from the pump 
phase to the transfer phase. Although in this preferred 
embodiment the RC network is used to provide such delay, 
it should be apparent to one of skill in the art that other 
components may be used to create the delay. 

More specifically, for clock signal (|>1, because the source 
of FET 228 is connected to ground, the source-gate junction 
of FET 228 clamps clock signal <(>1 so that it swings between 
approximately 0.7 volt to a negative peak value Vj approxi- 
mately equal to volts. In a preferred 
embodiment, V^^ is 6 volts, and the negative peak is 
about -5.5 volts. 

FIG, 12B illustrates the waveform of clock signal ^1. 
During the pump phase, the amplitude V(t) of clock signal 
(|>1 is given as 



Based on this, t is expressed as 



In order to keep FET 228 turned completely off during the 
entire pump phase, the gate-to-source voltage of FET 228 
should be at least less than twice of the threshold hold of the 
50 FET Vy at the end of the pump phase. Under this condition, 
the time at the end of the pump phase, Iq, is given as 



To keep FET 228 turned off during the pump phase, to must 
satisfy the condition 



to>T/2-R(Ci+C2)/2. 

Consequently, the following condition is derived 



C3>(C,+C2)/(2 In (V,/2V^). 

This is the requirement for capacitor C3 to keep FET 228 
turned off during the entire pump phase. 
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The threshold voltage, Vj-, for FET 228 is generally the 
same for all the other FETs in the negative voltage generator. 
For . cable TV applications which generally requires less 
power than for cellular applications, the threshold voltage of 
the FETs is lower than that for power amplifiers used in 
cellular phones. Their comparison as well as their effect on 
the value of 2 In (Vj/2Vj.) is listed below 



Application 


Vt(V) 


21ii(Vi/2Vt.) 


Cable TV Set-top 


-0.5 


3.41 


Power Amplifier 


-1.4 


1.35 



During the pump phase, FET 228 is turned off by a 
negative pulse of clock signal (J)!, which also propagates to 
the gate of FET 229 through a capacitor 232. Because the 
gate of FET 229 is bootstrapped to the negative voltage, 
-V^, the gate voltage becomes more negative than -V^, and 
FET 229 is turned off. During this phase, FET 226 is turned 
on by the positive voltage pulse in clock signal ^1, which 
also turns on FET 227 through a capacitor 150. 

During the transfer phase, FETs 228 and 229 are turned on 
by the positive pulse of clock signal ^2. FETs 226 and 227, 
however, are turned off by the negative voltage pulse of 
clock signal ^1. In this way, the charge pump circuit operates 
in a power efiScient fashion. 

FIG. 13 depicts another preferred embodiment of the 
negative voltage generator wherein two diodes are used in 
the charge pump. In particular, diodes 240 and 245 are GaAs 
Schottky diodes formed by connecting the drain and the 
source of a GaAs FET together as the cathode and by using 
the gate of the FET as the anode. Preferably, except the 
pump and hold capacitors, this negative voltage generator is 
formed as a GaAs MMIC. The multivibrator and the charge 
pump have been described with reference to FIG. 8B and 
FIG. 11 and therefore will not be described in detail here. 

In a preferred embodiment, the negative voltage gener- 
ated by the negative voltage generator is not directly used to 
bias the depletion mode FET in the amplifying stage because 
(1) the negative voltage contains ripples, and (2) the nega- 
tive voltage is not precise enough to accurately bias the FET 
at a desired operation point. It is preferred to reduce the 
ripple effect of the negative voltage and to accurately 
regulate the negative voltage to a desired value. 

FIG. 14 depicts the schematic circuit diagram of a pre- 
ferred embodiment of a GaAs negative voltage regulator 260 
in accordance with the present invention. The regulator 
utilizes a current mirror and it operates to reduce the ripples 
and provides a more accurate bias. More specifically, nega- 
tive voltage regulator 260 includes an FET 250 as a current 
source, and FETs 251, 252 and 253. The negative voltage to 
be regulated, -V^^ is applied to the source of FET 253, 
whereas the regulated negative voltage, -V^^, is provided at 
the drain of the same FET. Preferably, regulator 260 is 
monolithically integrated with the amplifying stage. The 
regulator further includes an oo/off switch 250 which is 
closed when the amplifier is in operation, and opens when 
the amplifier is in a standby mode. 

The dimensions of FETs 250 and 251 are determined as 
follows: FETs 250 and 251 are made to have the same 
gate-length and the same pinch-off characteristics that FET 
110 has, preferably by making them on the same semicon- 
ductor wafer with the same manufacturing steps. The gate- 
width of FET 251, however, is a predetermined factor X, 
determined on the basis of the desired operating point, times 
the gate width of FET 250. 

Factor X equals to the zero-bias saturation current of FET 
110 divided by the intended operating current of the FET. 
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For example, to bias FET 110 at one half of its zero-bias 
current I^ for class A operation, factor X is 2. For class AB 
operation where FET 110 is biased at one quarter of the 
zero-bias current I^, the factor X is 4. 

5 The negative voltage regulator operates as follows: 
because FETs 250 and 251 are connected in series, their 
currents must be equal. As a result, the gate voltage of 
FET 251 must be such that it biases the FET to provide a 
current equal to that of FET 250. For example, if factor X is 

10 1, which means FET 251 has the same gate- width that FET 
250 has, the gate voltage V;^ of FET 251 must be zero, since 
the gate-to-source voltage of FET 250 is zero. If factor X is 
2, in order to maintain the same current in FETs 250 and 251, 
the voltage at the drain of FET 251, V^, will be pulled 

IS toward the ground potential, which also causes the voltage 
at FET 253 's drain to decrease. V^, and will continue 
to decrease until the current through FETs 250 and 251 are 
equal. The voltage V;^. will be the gate voltage needed to bias 
an FET 110 at one half of its zero-bias saturation current l^^. 

20 If factor X is 4, FET 110 is biased to provide one quarter 
of its zero-bias current I^^. Accordingly, by choosing the 
appropriate gate-width ratio between FETs 251 and 250, i.e., 
factor X, FET 110 is biased at desired operating point. For 
example, by making the gate width of FET 251 ten time as 

25 wide as that of FET 250, i.e. factor X be 10, FET 110 will 
be biased at one-tenth of its I^^. 

In addition to provide a desired gate bias voltage for FET 
110, the negative voltage regulator also reduces ripples in 
the waveform of the negative voltage V„. Referring to FIG. 

30 15, which shows a small signal equivalent circuit of an 
output portion of the regulator, the ripples in negative 
voltage -Vss represented by an ac voltage source 261. 
Voltage source 261 is applied to a voltage-dividing network 
consisting of resistors 262 representing the small-signal 

35 drain-to-source resistance ("r^") of FET 253, and resistor 
264 representing an output small signal resistance R^, of the 
circuit including FETs 250, 251 and 252. Due to this 
voltage-dividing network, the amplitude of the ripples at the 
drain of FET 253 is reduced by a factor of 

40 

The output resistance R^„, is evaluated as follows: refer- 
ring to FIG. 15, if voltage varies, such variation will be 
45 amplified by the gain of an inverting gain stage formed by 
FETs 250 and 251. Consequently, R^^, is given as 

50 where Ro«/(W3) is the output resistance of FET 252 and A 
is the dc gain of the gain stage. Ro„/W3) is given as 

55 where g„ is the transconductance and W3 is the gate-width 
of FET 252. If the gate width of FET 252 is about 80 microns 
and the FET is biased at one quarter of its I^, its output 
resistance Ro„XW3) is approximately 200 ohms. Consider- 
ing the dc gain of the gain stage is approximately 60, the 

60 output resistance R^^ is thus approximately 4 ohms. 

Considering the value of r^ is approximately around 
10,000 ohms, the output amplitude of ripples will be reduced 
by as high as 60 dB. In this way, the negative voltage 
regulator reduces the ripples presented in the negative 

65 voltage generated by the negative voltage generator. 

Another advantage of the regulator is that it consumes 
little power when in the standby mode. Referring to FIG. 14, 



FET 


Dimension 


FEr251 


W - 150 /an, L - 0.5 /fln 


FETllO 


W - 10,000 /im,L- 0.5 /on 


FEr252 


W - 10 /an, L - 0.5 /on 


FEr253 


W = 10 /an, L =0.5 /an 
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when the regulator is in the standby mode, switch 256 opens 
and as a result, the regulator does not draw any power from 
the positive power supply +V^. In addition, the only 
conducting FET in the regulator is FET 253 which provides 
the full and unregulated negative voltage -V^ to the gate of 
FET 110 to turn it off. Since the gate leakage current of an 
FET is quite small, FET 110 thus draws little current from 
the negative voltage through FET 253. Consequently, the 

regulator consumes Httle power when in the standby mode. ^° drawing, plots 300 and 302 shows the drain current 

, - , , J. . ■„ . ^0 of FET 251 and HO, respectively, for the regulator shown in 

In another preferred embodiment illustrated m FIG. 16, a xnr- ic i* u ♦u . *u ♦ * • *u ^ • 

, 11.. ^r^^^r. FIG. 15. It shows that, as the temperature mcreases, the dram 

negative voltage regulator can selectively bias FET 110 at, ^^^^^^ ^ increases significanUy due to the gate- 

for example, 1, Vi, % or % of the zero-bias current I^. This ^rain diode leakage current and it loses track of the drain 

is achieved by making FETs 270, 271, 272 and 273 to have current of FET 251. For the generator shown in FIG. 19, 

gate-widths that arc 1, 2, 4 and 8 times, respectively, of the 15 however, the drain current of FET 110 shown by plot 306 

gate-width of FET 250. The source terminals of FETs increases less with temperature and it tracks the drain 

270-273 are connected to respective bonding pads, which current of FET 251 depicted by plot 304 even at high 

are selectively connected to ground for activating a particu- temperatures. The regulator shown in FIG. 19 therefore 

lar FET to obtain the desired bias. For example, to bias FET offers better temperature performance than the one depicted 

110 at an half of 1^^^, the bonding pad connected to FET 271 20 in FIG. 15. 

is connected to ground. In this way, by connecting appro- As will be apparent to those skilled in the art, numerous 

priate bonding pad to ground, the regulator can provide a modifications of the present invention may be made within 

bias that is one of a number of designed biasing vohage. the scope of the invention, which is not to be limited except 

In another preferred embodiment shown in FIG. 17, a in accordance with the foUowing claims, 

diode D3 is used to further lower bias voltage by a diode 25 What is claimed is: 

voltage drop to set below the pinchoff voltage of FET 1- An amplifier operating with a single polarity power 

110 for class C operation. supply, comprising: 

In another preferred embodiment shown in FIG. 18, a an amplifying stage including at least one depletion-mode 

resistor 275 is used to replace FET 250 as a current source. FET for amplifying an input ac signal, said FET having 

The value of the resistor and the gate-width of FET 251 are a gate coupled to receive said input ac signal, a source 

such that a desired bias is provided to FET 110. connected to ground and a drain coupled to receive a 

In yet another preferred embodiment illustrated in FIG. positive voltage; and 

19, a negative voltage regulator 294 comprises a current a negative voltage generator for providing a negative 

source 280 and depletion-mode GaAs FETs 251, 252 and voltage to bias the gate of said FET, 

253. The current source is coupled to the drain of FET 251 said negative voltage generator comprising a multivibra- 

through a resistor 282. FET 252 has a drain coupled to a tor generating first and second clock signals, a charge 

positive terminal of a power supply +V^^, a gate coupled to pump receiving said clock signals and operating to 

the drain of FET 251, and a source coupled to the drain of produce said negative voltage, and means for providing 

FET253throughaseriesof diodes 284. The gate and source ^ said negative voltage as a low potential reference to 

of FET 253 is connected together. The drain of FET 253 is said multivibrator such that said clock signals include 

connected to the gate of FET 110 through a resistor 286. a negative potential period and as a result, said charge 

Advantageously, the gate of FET 251 is connected to the pump operating in a power efficient manner, 

gale of FET 110 through resistor 288. Two by-pass capaci- 2. The ampUfier of claim 1 further comprising means for 

tors 290 and 292, one connected between the gate of FET providing said clock signals from said multivibrator to said 

251 and the ground and the other between the gate of FET charge pump, and said means including an RC network. 

253 and the ground are used to filter the ac signal to be 3. The amplifier of claim 1 further comprising a negative 

amplified by FET 110. voltage regulator for regulating said negative voltage to a 

As compared to the regulator shown in FIG. 15, this desired value and for providing a regulated negative voltage 

negative voltage regulator displays better temperature per- 50 to the gate of said depletion-mode FET. 

formance. More specifically, for the regulator shown in FIG. 4. The amplifier of claim 3 wherein said negative voltage 

15, because the current leakage through drain-gate diode of generator is a monolithic integrated circuit, and said regu- 

FET 110 increases with temperaUire, the drain current as lator and said amphfying stage form another monolithic 

well as the gate current of FET 110 increases with tempera- integrated circuit, and said amplifier is a hybrid device 

ture. In this regulator, the gate of FET 251 is connected to 55 including said two monolithic integrated circuits, 

the gate of FET 110 through a resistor 288 which provides 5. The amplifier of claim 3 wherein said negative voltage 

feedback, which residts in a reduced drain current for FET generator, said negative voltage regulator and said amplify- 

110 and better tracking between the drain currents of FETs ing stage form a monolithic GaAs integrated circuit. 

110 and 251 when the temperature increases. 6. The amplifier of claim 1 wherein said multivibrator 

FIG. 20 iUustrates the comparison between drain currents 60 comprises first and second inverters having input and output 

of FET 110 and 251 for the regulator shown in FIG. 19, and termmals, 

those for the regulator shown in FIG. 15. The currents are a first capacitive means coupling between the input ter- 

computer-simulated. In this drawing, axis Yj and axis minal of said first inverter to the output terminal of said 

indicate the drain current in amperes of FET 110 and FET second inverter, 

251, respectively, and the x-axis indicates the temperature in 65 a second capacitive means coupling between the input 

centigrade. The dimensions for the FETs used in the simu- terminal of said second inverter and the output terminal 

lation is listed below. of said first inverter. 
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a first resistive means coupled between the input terminal 
of said first inverter and ground, and 

a second resistive means coupled between the input 
terminal of said second inverter and the negative volt- 
age. 

7. The amplifier of claim 6 wherein said first inverter 
comprises a first FET having a source connected to ground, 
a drain connected to a first load means and to the output 
terminal of said first inverter, and gate connected to the input 
terminal of said first inverter, and 

wherein said second inverter comprises a second FET 
having a source connected to the negative potential, a 
drain connected to a second load means and to the 
output terminal of said second inverter, and a gate 
connected to the input terminal of said second inverter. 

8. The amplifier of claim 7 wherein said first load means 
includes a third FET having gate and source connected 
together and to the drain of said first FET, and a drain 
coupled to a positive terminal of said power supply, and 
wherein said second load means includes a fourth FET 
having gate and source connected together and to the drain 
of said second FET, and a drain coupled to the positive 
terminal of said power supply. 

9. The amplifier of claim 1 wherein said charge pump 
comprises a first electronic switch having a first terminal for 
connection to a positive terminal of said power supply and 
a second terminal, 

a second electronic switch having a first terminal con- 
nected to the second terminal of said first electronic 
switch and a second terminal for connection to groimd, 

a third electronic switch having a first terminal for con- 
nection to ground and a second terminal, 

a fourth electronic switch having a first terminal con- 
nected to the second terminal of said third electronic 
switch and a second terminal, 

a pump capacitor coupled between the second terminal of 
said first electronic switch and the second terminal of 
said third electronic switch, 

a hold capacitor coupled between the second terminal of 
the fourth electronic switch and ground, 

said clock signals having a pump period and a hold 
period, 

said first and third electronic switches being responsive to 
said second clock signal, and whereas said second and 
fourth electronic switches being responsive to said first 
clock signal, such that said first and third electronic 
switches being closed and said second and fourth 
electronic switches being open thereby charging said 
pump capacitor during said pump period, and 

said first and third electronic switches being open and said 
second and fourth electronic switches being closed 
thereby transferring charge from said pump capacitor to 
said hold capacitor during said transfer period. 

10. The amplifier of claim 9 wherein said charge pump 
comprises a first FET having a drain coupled to the positive 
terminal of said power supply, a gate connected to receive 
said second clock signal, and a source, 

a second FET having a drain coupled to the source of said 
first FET, a gate connected to receive said first clock 
signal, and a source coupled to ground, 

a third FET having a drain coupled to ground, a gate 
coupled to receive said second clock signal through a 
first capacitive means, and a source. 
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said pump capacitor being coupled between the sources of 
said first and third FETs, said hold capacitor being 
coupled between the source of said fourth FET and 
groimd, and 

a first resistive means coupled between the gate and the 
source of said fourth FET, whereby said negative 
voltage is provided at the source of said fourth FET. 

11. The amplifier of claim 9 wherein said charge pimip 
comprises a first FET having a drain for connection to the 
positive terminal of said power supply, a gate connected to 
receive said second clock signal, and a source, 

a second FET having a drain connected to the source of 
said first FET, a gate coimected to receive said first 
clock signal, and a source for connection to ground, 

a first diode means having a cathode coupled to grotmd, 

and an anode, 

a second diode means having an anode coupled to the 
cathode of said first diode means, and an anode, 

said pump capacitor being coupled between the source of 
said first FET and the anode of said first diode means, 
and 

said hold capacitor being coupled between the anode of 
said second diode means and ground, whereby said 
negative vohage is provided at the anode of said second 
diode means. 

12. The amplifier of claim 2 wherein said negative voltage 
regulator comprises a current source, 

a first FET having a drain coupled to said current source, 
a source for connection to ground, and a gate; 

a second FET having a drain coupled to said power 
supply, a gate coupled to the drain of said first FET, and 
a source; 

a third FET having a drain coupled to the source of said 
second FET and to the gate of said first FET, a gate and 
a source connected together and to said negative 
voltage, whereby the regulated negative voltage is 
provided at the drain of said third FET. 

13. The amplifier of claim 12 further comprising diode 
means connected between the source of said second FET and 
the drain of said third FET. 

14. The amplifier of claim 2 wherein said negative voltage 
generator comprises a current source, 

a first FET having a drain coupled to said current source, 
a source coupled to ground, and a gate, 

a second FET having a drain coupled to said power 
supply, a gate coupled to the drain of said first FET, and 
a source, 

a third FET having a drain coupled to the source of said 
second FET, a gate and a source connected together and 
to said negative vohage, the drain of said third FET 
being resistively coupled to the gate of said depletion- 
mode FET in said amplifying stage, and the gate of said 
first FET being resistively coupled to the gate of said 
depletion-mode FET in said amplifying stage, whereby 
the effect of increased temperature on the performance 
of said regulator is reduced. 

15. The amplifier of claim 14 wherein said current source 
comprises a resistor coupled between said power supply and 
the drain of said first FET. 

16. The amplifier of claim 15 wherein said depletion- 
mode FET in the amplifying stage and said first FET have 
substantially the same pinch-off characteristics, and the 



a fourth FET having a drain connected to the source of 65 gate-width ofsaid first FETis such that said negative voltage 
said third FET, a gate coupled to receive said first clock regulator provides a desired regulated negative voltage to 
signal through a second capacitive means and a source, bias said depletion-mode FET. 
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17. The amplifier of claim 14 wherein said current source 
comprises a fourth FET having a drain coupled to said power 
supply, a gate and a source connected together and to the 
drain of said first FET. 

18. The amplifier of claim 17 wherein said depletion- ^ 
mode FET in the amplifying stage and said first and fourth 
FETs have substantially the same pinch-ofif characteristics, 
and the gate-width of said first E^T is a predetermined factor 
times the gate-width of said fourth FET, whereby said 
depletion mode FET is biased at substantially its character- 
istic zero-bias saturation current divided by said predeter- 
mined factor. 

19. The amplifier of claim 18 wherein the predetermined 
factor is 2, whereby said depletion-mode FET in said 
amplif3dng stage is biased at substantially one half of said 
characteristic zero-bias current for class A operation. 

20. The amplifier of claim 18 wherein the predetermined 
factor is 4, whereby said depletion-mode FET in said 
amplifying stage is biased at substantially one quarter of said 20 
characteristic zero-bias current for class AB operation. 

21. The amplifier of claim 18 wherein the predetermined 
factor is such that said depletion-mode FET in said amplify 
stage is biased aroimd or below pinch-off for class B 
operation. 

22. The amplifier of claim 21 further comprising diode 
means connected between the source of said second FET and 
the drain of said third FET. 

23. A negative voltage generator operating with a single 30 
power supply comprising: 

a multivibrator generating first and second clock signals; 

a charge pump receiving said first and second clock 
signals and operating to generate a negative voltage; 
and 35 

means for providing said negative voltage as a low 
reference potential to said multivibrator such that said 
clock signals generated by said multivibrator includes 
a negative potential period and as a result, said charge 
pump operating in a power efficient manner. 

24. The negative voltage generator of claim 23 further 
comprising means for providing said first and second clock 
signals from said multivibrator to said charge pump, and 
said means including an RC network. 

25. The negative voltage generator of claim 23 wherein 
said multivibrator comprises first and second inverters hav- 
ing input and output terminals, 

a first capacitive means coupling between the input ter- 
minal of said first inverter to the output terminal of said 50 
second inverter, 

a second capacitive means coupling between the input 
terminal of said second inverter and the output terminal 
of said first inverter, 

a first resistive means coupled between the input terminal 
of said first inverter and ground, and 

a second resistive means coupled between the input 
terminal of said second inverter and the negative volt- 
age. 

26. The negative voltage generator of claim 25 wherein 
said first inverter comprises a first FET having a source 
connected to ground, a drain connected to a first load means 
and to the output terminal of said first inverter, and gate 
connected to the input terminal of said first inverter, and $5 

wherein said second inverter comprises a second FET 
having a source connected to the negative potential, a 
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drain connected to a second load means and to the 
output terminal of said second inverter, and a gate 
connected to the input terminal of said second inverter. 

27. The negative voltage generator of claim 26 wherein 
said first load means includes a third FET having gate and 
source connected together and to the drain of said first FET, 
and a drain coupled to a positive terminal of said power 
supply, and wherein said second load means includes a 
fourth FET having gate and source connected together and 
to the drain of said second FET, and a drain coupled to the 
positive terminal of said power supply. 

28. The negative voltage generator of claim 23 wherein 
said charge pump comprises a first electronic switch having 
a first terminal for connection to a positive terminal of said 
power supply and a second terminal, 

a second electronic switch having a first terminal con- 
nected to the second terminal of said first electronic 
switch and a second terminal for connection to ground, 

a third electronic switch having a first terminal for con- 
nection to ground and a second terminal, 

a fourth electronic switch having a first terminal con- 
nected to the second terminal of said third electronic 
switch and a second terminal, 

a pump capacitor coupled between the second terminal of 
said first electronic switch and the second terminal of 
said third electronic switch, 

a hold capacitor coupled between the second terminal of 
the fourth electronic switch and ground, said clock 
signals having a pump period and a hold period, 

said first and third electronic switches being responsive to 
said second clock signal, and whereas said second and 
fourth electronic switches being responsive to said first 
clock signal, such that said first and third electronic 
switches being closed and said second and fourth 
electronic switches being open thereby charging said 
pump capacitor during said pump period, and 

said first and third electronic switches being open and said 
second and fourth electronic switches being closed 
thereby transferring charge from said pump capacitor to 
said hold capacitor during said transfer period. 

29. The negative voltage generator of claim 28 wherein 
said charge pump comprises a first FET having a drain 
coupled to the positive terminal of said power supply, a gate 
connected to receive said second clock signal, and a source, 

a second FET having a drain coupled to the source of said 
first FET, a gate connected to receive said first clock 
signal, and a source coupled to ground, 

a third FET having a drain coupled to ground, a gate 
coupled to receive said second clock signal through a 
first capacitive means, and a source, 

a fourth FET having a drain connected to the source of 
said third FET, a gate coupled to receive said first clock 
signal through a second capacitive means and a source, 

said pump capacitor being coupled between the sources of 
said first and third FETs, 

said hold capacitor being coupled between the source of 
said fourth FET and ground, and 

a first resistive means coupled between the gate and the 
source of said fourth FET, whereby said negative 
voltage is provided at the source of said fourth FET. 

30. The negative voltage generator of claim 28 herein said 
charge pump comprises a first FET having a drain for 
connection to the positive terminal of said power supply, a 
gate connected to receive said second clock signal, and a 
source, 
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a second FET having a drain connected to the source of 
said first FET, a gate connected to receive said first 
clock signal, and a source for connection to ground, 

a first diode means having a cathode coupled to ground, 
and an anode, 

a second diode means having an anode coupled to the 
cathode of said first diode means, and an anode. 
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said pump capacitor being coupled between the source of 
said first FET and the anode of said first diode means, 
and 

said hold capacitor being coupled between the anode of 
said second diode means and ground, whereby said 
negative voltage is provided at the anode of said second 
diode means. 
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ABSTRACT 



An embodiment of a pumped substrate system Includes an 
oscillator, capacitive pump, compaiing circuit, and a level 
shifter. The level shifter is coi^led between the substrate and 
the positive input lead of the comparator and shifts the 
voltage level present on the substrate by a voltage Vbg. The 
comparator compares ground potential to the shifted sub- 
strate voltage. The oscillator, a^adtive pump and compar- 
ing circuit fom a negative feedback loop which operates to 
maintain the substrate voltage substantially equal to -Vbg. 
In one embodiment, the level shifter includes a band gap 
reference. 

19 Claims, 5 Drainteg Sheets 
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1 

VBB REFERENCE FOR PUMPED 
SUBSTRATES 

1. Field of the Invention 

This invention relates to integrated circuits and. 
particularly, to integrated circuits having pumped substrates. 

2. Background 

Some MOS and CMOS integrated circuits have a capaci- 
tive pump circuit to control the integrated circuit*s substrate 
voltage ("VBB") to improve perfcnnance. This scheme is 
sometimes called a "pumped substrate** technique. The 
pumped substrate system operates to back-bias the substrate 
to decrease body effect and reduce parasitic capacitance so 
Chat the threshold voltage (Vt) of the devices decreases 
without decreasing the devices* saturation current (Idsat). 

FIG. 1 shows a pumped substrate system 100 including 
an osdllator 110, art AND gate 120. a capadtive pump 130, 
a comparator 140, a voltage reference 150. and a sense 
circuit 160 forming a conventional pumped substrate sys- 
tem. Voltage reference 150 supplies a voltage Vref to the 
negative iitput tennioal of comparator 140. Voltage Vref is 
negative so 0iat fte substrate is back-biased as described 
below. Sense circuit 160 senses substrate volt^e VBB and 
provides a voltage intended to be equal to substrate voltage 
VBB to the positive input terminal of con^arator 160. The 
ou^ut lead of comparator 140 is connected to one input lead 
6[ AND gate 120. The other input lead of AND gate 120 is 
coupled to the output lead of oscfllatOT 110. 

Thus, when substrate voltage VBB is lower (i.e., more 
negative) than voltage Vref, conqjarator 140 outputs a logic 
0 signal to AND gate 120. AND gate 120 receives this logic 
0 signal from comparator 140 and. as a result, AND gate 120 
outputs a logic 0 signal no matter what the input is to the 
other input lead of AND gate 120. Thus, the clock signal 
generated by oscillator 110 is not transmitted to c^adtive 
pump 130. Capadtive pump 130 is a conventional capad- 
tive charge pump that operates to add negative diaige to the 
substrate in response to the dock signal generated by 
osdllator 110. As a result, capacitive pump 130 does not add 
negative charge to the substrate when substrate voltage VBB 
is lower than voltage Vref. 

On the other hand, when substrate voltage VBB is higher 
(Le., more positive) dian voltage Vref, comparator 140 
outputs a logic 1 signal to AND gate 120. Thus, the dock 
signal generated by oscillator 110 is gated through AND gate 
120 to capacitive pump 130. In response to the dock signal, 
capadtive pump 130 operates to add negative charge to the 
substrate, thereby causing substrate voltage VBB to 
decrease. 

However, the negative charge puznped into the substrate 
will bleed from the substrate, thereby causing voltage VBB 
to rise. Comparator 140. AND gate 120 and c^>acitive pun^ 
130 form a negative feedback loop to add negative charge to 
the substrate to maintain voltage VBB substantiaUy equal to 
vottage Vref. 

One problem of pumped substrate system 100 is in 
sehising substn^ voltage VBB so that voltage VBB can be 
compared to voltage Vk^ef . In this conventional system, sense 
drcuit 160 is a complex circuit that is sensitive to process, 
temperature and power suf^ly variations. Further, voltage 
reference 150 is usuaUy implemented using P-cfaannel 
devices when the substrate is P-type semiconductor mate- 
rial. These P-diannel devices are also sensitive to these same 
variations. As a result, substrate voltage VBB can vary as 
much as -0.5V to -2 JV in pumped substrate system 100, 
which is unacceptable in many applications. 

SUMMARY 

In accordance with the present invention, a method for 
maintaining the voltage of a substrate at a desired level is 
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provided, along widi a structure for implementing the 
method. The method employs a level shifter for shifting the 
voltage at the substrate for comparison with a convenient 
voltage. 

^ According to one embodiment of the present invention, a 
pumped substrate system includes an oscillator, capadtivt 
pump, con^xtfing circuit, and a levd shilter. The levd 
shifter is coupled between the substrate and the positive 
input lead of the conqjaring drcuit and shifts the substrate 

10 voltage by a voltage Vbg. The negative iiq>ut lead of the 
comparator is coupled to a source of ground potential. Thus, 
there is no need for a complex sense drcuit to sense 
substrate voltage VBB. The conq>aring circuit compares 
ground potential to a voltage that is substantially equal to the 

15 sum of voltage Vbg and substrate voltage VBB (i.e., Vsum). 
The osdllator. capadtive punq). level shifter, and comparing 
drcuit form a negative feedbadc loop which operates to 
maintain voltage Vsum substantially equal to ground poten- 
tial. As a result, substrate voltage VBB is maintained at a 

20 voltage substantially equal to -Vbg. 

In this embodiment, the level shifter includes a band gap 
reference to generate voltage Vbg. Thus, voltage Vbg is 
relatively insensitive to process, tenqioature, and power 
supply variations. As a result, substrate voltage VBB is 

^ maintained at a desired voltage, which is also rdatively 
insensitive to process, temperature, and power supply varia- 
tions. 

In this embodiment, the band gap reference implementa- 
^ tion indudes PNP transistors. As a result, this einbodiment 
is advantageously used in integrated circuits using N-well 
processes so that the band-gap reference can be imple- 
mented using the parasitic vertical FN? tnuisist<^ available 
in all N-well processes. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a block diagram of a conventional pumped 
substrate system. 

FIG. 2 shows a block diagram of a puniq>ed substrate 
^ system according to one embodiment of the present inven- 
tion. 

FIG. 3 shows a schematic diagram of one embodiment of 
the level shifter circuit dq)icted in FIG. 2. 
^ J FIG. 4 shows a cross-sectional view of the PNP transistors 
depicted in FIG. 3. 

FIG. 5 shows a schematic diagram of another embodi- 
ment of the level shifter drcuit depicted in FIG. 2. 

FIG. 6 shows a schematic diagram of one einbodiment of 
30 the capadtive piimp dq>icted in FIG. 2. 

FIG. 7 shows a schematic diagram of one embodiment of 
the oscillator dejucted in FIG. 2. 

FIG. 8 shows a schematic diagram of one embodiment of 
the con9>arator depicted in FIG. 2. 

FIG. 9 shows a block diagram of a pumped substrate 
system according to another einbodiment of the present 
invention. 

DETAILED DESCRIPTION 

60 

FIG. 2 shows a panxped substrate system 200 including 
osdllat(7 110. AND gate 120. capadtive purap 130. com- 
paratOT 140 and a level shifter 210. Like reference numerals 
are used between drawings for like dements. 
65 Level shifter 210 indudes a band gap reference 215, 
whidi outputs a voltage Vbg. In this embodiment, voltage 
Vbg is designed to be approximatdy 1.SV Although 1.5V is 
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used in (his embodiment the band reference (described Moreover, because level shifter 210 includes band gap 

further in conjunction with FIG. 3) can be designed to reference 215. level shifter 210 is less sensitive than sense 

supply an arbitrary voltage between approximately a dicuit to process, ten^>ecature. and power supply 

VBEof^ above ground potential and a threshold voltage Vt variation, thereby enabling pimped substrate system 200 to 

below VCC Band gap reference 215 is coupled between the 5 more aooirately maintain substrate voltage VBB at the 

ou^ut terminal of level shifts 210 and the substrate. As a desired voltage level. 

result, level shifter 210 generates a voltage Vsense, given by This embodiment can be used advantageously in CMOS 

the equation tedinology applications such as electrically erasable 

Vsense^VBB^vbgor v^nse^YBB^isv (1) Programmable logicdevi^^^ with cell devices having 

10 gate oudes of less than lOOA thickness. The term CMOS is 

in this embodiment. used herein Co include sOicon gate technologies. The sense 

The ou^ut lead of level shifter 210 is coupled to die cuirent (Idsat) and Vt of the cells are two in^Kxitant param- 

positive iiqNit lead of con^arator 140. The other input lead eters ttiat affect the performance of these FLDs. It is desir- 

of comparator 140 is coupled to a source of ground potential able to have a large Idsat and a low Vt to increase the PLD*s 

Thus, when substrate voltage VBB is less than -1.5V, i5 speed. By back-biasing the substrate, parasitic capacitance is 

voltage Vsense is negative, thereby causing comparator 140 reduced and mobility is increased. Thus, back-biasing 

to output a logic 0 signal The output lead of comparator 140 allows the designer to increase channel doping to increase 

is coupled to one input lead of AND gate 120 and, thus, AND Idsat while adiieving an acccpuble Vt 

gate 120 also outputs a logic 0 signal. The other input lead Generally, Vt and Idsat both inqirove as substrate voltage 

of AND gate 120 is coupled to the output lead of oscillator 20 VBB is decreased. However, in these FLD applications* 

110. Consequendy, AND gate 120 docs not g^e the dock substrate voltage VBB has a lower limit determined by 

signal generated by oscillator 110 to cq>acitive pump 130, junction breakdown of the substrate-to-N+ junctions and 

which is coupled to the output lead of AND gate 120. In this program retention of the application* s electrically erasable 

embodiment, oscillator 110 ou^uts a clock signal having a cells. Because the cells are programmed with a high positive 

frequency of aj^oumately 40 MHz. 25 voltage on some of the cells* N+ diffusions, a large negative 

Although an AND gate is used in this embodiment to gate substrate voltage increases the risk of junction breakdown, 

the dock signal to capacitive pump 130, other embodiments Further, (he negative substrate voltage creates an dectric 

may use different gating circuits, such as a NAND gate, a field between tl^ substrate and the cells* channd which can 

multiplexor, or a switch (provided the switches output lead, remove charge used to program the cells. Thus, the cells can 

coupled to capadtive pump 130, is not allowed to float). 30 be erased if substrate voltage VBB is too negative. For these 

Capadtive pump 130 is a conventional charge punq> applications, a substrate voltage in the range of -l.SVi^OO 

having an output lead coupled to the substrate and operates mV provides rdatively good Vt and Idsat without a signifi- 

to pxmp negative charge into the substrate in response to the cant risk of junction breakdown and/or ceil erasure, 

clock signal reodved from oscillator 110. Accordingly, when FIG. 3 shows one embodiment of levd shifter 210 com> 

voltage Vsense is lower than ground potential comparat<H' 35 prising a P-cfaannel current mirror 310, a N-channel cuirent 

140 ou^uts a logic 0 signal Consequendy, AND gate 120 minor 320, resistors Rl and R2, and PNP transistors 

does not gate the dock signal from oscillator 110, whidi Q1^3. 

causes capadtive pump 130 to not operate. P^channel current mizror 310 com|nises substantially 

On die other hand, when substrate voltage VBB is greater identical P-channel transistors P1-P3. Acoordingly, the cur* 

than -1.SV, level shifter 210 outputs a positive voltage 40 rents conducted 1^ transistors P1-P3 are substantially iden- 

Vsense. As a result, comparator 140 outputs a logic 1 signal tical. Transiston P1-P3 of P-channd cuirent mirror 310 

hereby causing AND gate 120 to gate the dock signal each conduct current ^3tat. The channels of transistors PI 

generated by oscillator 110 to ciq)adtive pump 130. Capaci- and P2 are coupled to the channels of substantially identical 

tive pump 130 (^)erates to pun^ negative charge into the N-diannel transistors Nl and N2 of N-cfaannel current 

substrate in response to the dock signal received firom 45 mirror 320. Thus, N-channel transistors Nl and N2 also 

oscillator 110, therein causing substrate voltage VBB to conduct cuirent 

decrease. The source of transistor Nl is connected to tiie emitter of 

Capacitive pump 130 will continue to puiiq> negative PNP transistor Ql. The base of transistor Ql is coupled to 

diarge into the substrate until substrate voltage VBB a source of ground potential, and the coUecto- of transistor 

decreases bdow -1.5V Then, as described above, compara- 50 Ql is coiq>led to the substrate. Thus, transistor Ql conducts 

tor 140 will cause AND gate 120 to stop gating the dock the cuirent from transistor Nl to the substrate, 

signal to cq>adtive pump 130. However, as negative cfaaige The source of transistor N2 is coupled to the emitter of 

bleeds from the substrate, substrate voltage VBB will even- transistor Q2 through resistor Rl. The base of transistor Q2 

tually rise above -1.5V which will be detected tiy compara- is coupled to a source of ground potential, and the collector 

tor 140, which will in turn cause AND gate 120 to gate the 55 of transistcH- Q2 is coupled to the substrate. Thus, transistor 

dock signal from oscillator 110 to operate c^)adtive pump Q2 conducts the cuirent from transistor N2 to the substrate. 

130. Thus, the feedbadc loop fosnusA by level sfaifker 210, The current conducted by the transistors d N-diannd 

comparator 140, AND gate 120 and cq>adtive punq) 130 curcnt mirror 320 is determined as follows. Because the 

operates to maintain substrate voltage VBB at substantially bases of transistors Ql and Q2 are coupled to a source of 

-1.5V. 60 groundpotential.Ae voltage loop equation from the base of 

Level shifter 210 and comparator 140, coupled as shown transistcr Ql to the base of transistor Q2 is: 

in FIG. 2. provide a less coaxpltx circuit for detecting 4//««vjwvv»£^-r/»ftz^F vbe vjm m 

substrate voltage VBB and conq)aring it to the desired VBE^MfF^m-VBE^cripw^EaryBE^Ri (2) 

voltage (in this case, -1.5V) than sense circuit 160 coupled where Rl is the resistance of resistor Rl, VBE^j is the 

and comparator 140. coupled as shown in FIG. 1. Thus, level 65 base-to-emitter voltage of transistor Ql, and VBE^ is die 

shifter 210 Is easier and less costiy to imfdonent than sense base-to-emitter voltage of transistor Q2. The base-to-emitter 

circuit 160. voltage of a PNP transistor is: 
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v»£=(-VrXb[/c/75D (3) souTce of ground potential, &ese transistors could just as 

well be diode connected without altering die function of the 
whcfc Vj. is die theimal voltage, 1^ is the coUector current circuit. FOither. cunent mirrors 310 and 320 can be scaled, 
and is the saturation cunrent of die transistor. Combining will in turn scale the voltage drop across resistor R2. 

equation (3) and equation (2) results in: 5 still further, cunent minors 310 and 320 can be implt- 

i^in^v vft.li jf uimu if ivffi ^ /ni«i^v virfi ^ mcntcd with Wilson or cascode current sources. 

Sff ^^^^ W ^"^^ """^ ^ ^^^^ '^^ 

desired stable state, described above, is where current mir> 

because the collector currents of transistors Ql and Q2 are rors 310 and 320 conduct current Iptat. The odier stable state 

substantially equal 10 is where current nuirors 310 and 320 do not conduct any 

Because is proportional to cross-sectional area of die current Level shifter 210 indudes a start-up circuit 330 to 

transistcr*s emitter, for a given |H^ocess, equation (4) reduces ensure that current mirrors 310 and 320 conduct current |ptat 

to: after receiving power. 

Start-up drcuit 330 includes a N-channel transistor 332 

iptat=(v;^tn[A]yRi (5) 15 having its gate coupled to the source of voltage VCXZ! and its 

source coupled to a source of ground potential Shortly after 

where A is the ratio of emitter area of transist^ Q2 to die ^/cc voltage source begins supplying power (i.e., when 

emitter area of transistor Ql. Rirdier. thermal voltage V^is voltage VCC reaches the threshold voltage of transistor 

S^^^^ ' 332), transistor 332 tuns on and pulls the voltage at a node 

20 SI to approximately ground potential. Acqiadtor CI can be 

_ optionally coupled between node SI and a source of ground 

^ potential, which serves to add a small delay to help ensure 

where k is Boltzmann*s constant, T is the temperature in prop«^ start up. 

K., and q is the diatge of an dectron. Thus, equation (5) can Node SI is connected to a gate of a P-channel transistor 

be rewritten to: 25 334. The source of transistor 334 is coupled to a source of 

voltage VCC. As a result, when transistor 332 pulls down the 

iptai=(kT/gXitiAjyin (7) voltage ori node SI below voltage VCC minus a threshold 

voltage, transistor 334 turns on. The drain of transistor 334 

by combining equations (5) and (6). Equation (7) shows tiiat connected to die gates of transistors Nl and N2. whidi 

current Iptai is proportional to absolute tcnq)erature. 30 causes transistors Nl and N2 to become conductive. TTie 

Refemng back to FIG. 3, die drain of P-channd transistor current in the drain of transistor N2 turns on transistws P2 

P3 IS coupled diroug^ resistor R2 to the emitter of diode- pj ^^dch tiien supplies current to transistor Nl. The 

connected PNP transistOT Q3. The collector of transistor Q3 current in transistor Nl tiien sustains die current in transistw 

is coupled to die substrate. Thus, fransistor P3 of P^annd ^2. and the circuit now operates normaUy. 

current mirror 310 conducts current Iptat tfirough resistor R2 35 start-up circuit 330 further comprises a P-diannd tran- 

and PNP transistor Q3 to die substrate. Therefwc, die sistor 336. Transistor 336 also has a gate coupled to die drain 

voltagedropacrossiesistorR2andtransistorQ3isgivenby: of transistor P2 and, conscquendy, as Uie current in iransis- 

V^nse-VBl^lptatXiay^VBEa,, or Ysense^VBIHkmXInlA] ^ "^""'^ Iransistors PI and P2 tO 

XK2JRiy¥VBE^ (8) conduct current, transistor 336 becomes conductive. 

40 Because transistor 336 is mudi larger dian transistor 332, 

where R2 is the resistance of resistor R2, and voltage Vsense transistor 336 pulls up the voltage at node SI to be approxi- 

is the voltage supplied to die positive input terminal of matdy equal to voltage VCC. Thus, transistor 334 is turned 

con^arator 140. Equation (8) dd&nes a voltage in die form off, thereby isolating start>up circuit 330 from current mir- 

oi the sum of a base-emitter voltage and the product of die rors 310 and 320. 

Ihennal voltage and a constant, which is die standard rda- 43 FIG. 4 shows a diagram of the inqilementaiion of PNP 

lion for a band gap reference. Thus, the emitter area ratio of transistor Ql. PNP transistors Q2 and Q3 are iii^>lraiented 

transistors Q2 to Ql, resistance ratio of resistors R2 to Rl, in substantially the same manner. As stated above, pui^ped 

and the direshold voltage of transistor Q3 can be determined substrate system 200 (FIG. 2) is used in a CMOS applica- 

so that the voltage drop across resistor R2 and transistor Q3 tion. In this CMOS q^Iication, the P-channel devices are 

is substantially equal to 1.5V. The positive proportionality of 50 inq)lemented with a N-well in a P-substrate. The PNP 

current Iptat offsets the negative temperature coefildent of transistors are implemented using the parasitic vertical PNP 

the base-to-emitter voltage of PNP transistor Q3 to make a transistors inherent in the N-well process. The N-channd 

relatively temperature insensitive reference. device, the gates, and the gate oxides of the CMOS device 

In this embodiment of level shifter 210. A is designed to are not used in the PNP transistor inq>lementation and need 

be approximately 10. the ratio of resistor R2 to resistor Rl 55 not be formed. Source diffusion 410 forms the emitter of die 

is approximately 12, and VBE^ is ^iproximately 700 mV. PNP transistor. N-wdl 420 fonns the base of die PNP 

lypically. VBEg3 is set by die process* and A and the resistor transistor. N+ diffusion 430 couples die base to a source of 

ratio are varied to achieve the desired voltage. It is under- ground potential. P-substrate 440 forms die collector, 
stood that A cannot be equal to 1 for the band gap reference FIG. 5 shows an embodiment of programmable levd 

to work as intended 60 shifter 215^ with FET 510-^13 to tap resistor R2. Levd 

This embodiment of level shifter 210 results in a frac- shifter 215* is similar to level shifter 215 (FIG, 3) except that 
tional temperature coefBdent (TC^) of ±300 ppm/^ C. Hius, resistor R2 of level shifter 215 is replaced widi program- 
over a 100*^ C. temperature range, die voltage change is less mable resistor R2\ The resistance of resistor R2* is pro- 
than 100 mV. which is well within die voltage limits (Le.« granmied by providing control signals to the gates of FETs 
l.SV±200 mV) of diis application. 6S 510^13 to switch FETs 510-513 ON or OFF. Because 

Although the embodiment of band gap reference 215 of resistor R2' may be "trimmed**, ttiis eoibodiment is used 

FIG. 3 has the bases of transistors Ql and Q2 coupled to a advantageously in applications where the VBE erf transistor 
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Q3 varies with process so that the voltage drc^ across parator 140 and is coupled to receive voltage Vsense from 

resistcr R2' can be adjusted to set voltage Vbg substantially level shifter 210 (FIG. 2). The g^te of transistor P7 serves as 

equal to 1.5V Although in this embodiment resistor RIT is the negative input terminal of comparator 140 and is coupled 

programmable, resiston Rl and/or may be program- to a source of ground potential. The drains of transistors P6 

mable in other embodiments. s and P7 are coupled respectively to negative output lead 816 

FIG. 6 shows one embodiment of the capacitive pump 130 and positive output lead 818. The drains of transistors P6 and 
comprising N-diannel transistors 601 and 602 having their P7 are also coq>led respectively to the drains of diode- 
channels connected in series b^een a source of ground connected N-cfaannd transistors N6 and N7. As a result, 
potential and the substrate. N-channel transistors 601 and when voltage Vsense is less dian ground potential transistor 
602 are diode-connected, with the source of transistor 601 lO P6 becomes more conductive, thereby causing transistor F7 
coupled to a source of ground potential and the drain of to conduct less cmrent from transistor P4. Thus, the voltage 
transistor 601 cotq>led to the source of transistor 602. The at negative ou^Mit lead 816 is pulled up, whereas the voltage 
drain of transistor 602 is coupled to the substrate. Because at positive output lead 818 is pulled down, 
transistors 601 and 602 form diodes, during normal Conversely, when voltage Vsense is greater than ground 
c^)cration, positive charge can only flow from the substrate is potential transistor P6 becomes less conductive, thereby 
to the source of ground potentiaL causing transist<r F7 to conduct tosxc current frcm transistor 

Qock terminal 610 is coupled to node 620 through a P4. Consequently, the voltage at negative output lead 816 is 

capacit(7 630. Node 620 is located at the anode of the diode pulled down, whereas the voltage at positive output lead 818 

formed by transistor 601 and die cathode of the diode pulled up. Accordingly, input stage 810 operates as a dif- 

formed by transistor 602. In this embodiment, capadtor 630 20 feiential amplifier, generating a differential ou^t signal at 

has a capacitance of approximately 20 pF. Capedtive pump output leads 816 and 818. 

130 receives the clock signal generated by oscillator HO at Second gain stage 820 is a source-coupled pair with an 

dock terminal 610. Thus, when the clock signal nears its active load. The current source for the source-coupled pair 

peak positive voltage, capadtor 630 ooufies this positive comprises P-cfaannel transistor PS having a gate coupled to 

voltage to node 620. causing transistor 601 to become 25 P-diannel current mirror 310 (FIG. 3). Transistor PS is 

conductive and transistor 602 to become non-conductive. As substantially identical to transistors P1-P3 and provides a 

a result, transistor 601 conducts charge from capadtor 630 current* mirrored from current miiror 310, sul)stantially 

to the source of ground potentiaL equal to current ^taL The drain of transistor PS is coupled 

Conversdy. in the second half of the dodc cy de, capad- to the sources of P-diannel transistors F8 and P9. transistors 

tor 630 couples node 620 to its roost negative value, causing 30 P8 and P9 bong substantialiy identical. The gates of tran- 

transistcr 601 to be noo-oonductive and transistor 602 to sistors P8 and P9 are respectively coupled to positive input 

become conductive. Consequentty, transistor 602 conducts lead 824 and negative input lead 822. thereby receiving die 

positive charge from the substrate to capadtor 630. Charge differential ouQHit signal generated by iiq>ut stage 810. The 

pump 130 can vary substrate voltage VBB to ^jproximatdy drains of transistors P8 and P9 are coupled respectively to 

-VCC+two diode drops (ie.. -VCC+2V7^). Thus, as the 35 the drains of substantially identical N-cfaannd transistors N8 

dock signal from oscillator 110 transitions from high-to-low and N9. 

and low-to-high, positive charge is pumped from Ae sub- Second gain stage 820 has a structure similar to input 

strate to the source of ground potentiaL This operation is stage 810, except that the N-channel transistcvs (Le., N8 and 

equivalent to punning negative charge into the substrate. N9) that load the source-coupled pair (Le., P-channel tran- 

FKj. 7 shows a schematic diagram of one embodiment of 40 sistors P8 and P9) form a current source instead of the diodes 

oscillator 110 (FIG. 2). Oscillator 110 is a simple ring that load the source-coupled pair in input stage 810. Only 

oscillator with three inverters 701-703 cascaded, widi the transistor N8 is diode connected, with the gate of transistor 

output lead of inverter 703 connected to the input lead of N9 coupled to the gate of transistor N8. The sources of 

inverter 701. The output signal of any of inverters 701-703 transistors N8 and N9 are both coufded to a source of ground 

approximates a square wave. In this embodiment, the aver- 45 potential, thereby causing transistors N8 and N9 to have the 

age propagation dday of the inverters is approximatdy 4. 16 same gate-to-source voltage. An output lead 826 is coupled 

ns. As a result, oscillator 110 has a cycle time of approxi- to tiie drains of transistors P9 and N9. Negative input lead 

matdy 25 os. thereby providing a clock signal of approxi- 822 and positive input lead 824 of second gain stage 820 are 

matdy 40 MHz. coupled respectively to negative output lead 818 and posi- 

FIG. 8 shows a schematic diagram of one embodiment (tf 50 tive output lead 816 of input stage 810. 

comparator 140 (FIG. 2). Comparator 140 includes an input Consequently, when the voltage on positive iiq>ut lead 824 

stage 810 having iiq>ut leads 812 and 814 respectively rises (the voltage on negative input lead 822 decreases 

coupled to a source of ground potential and the output lead because of the differential output of input stage 810). tran- 

oflevd shifter 210 (FIG. 2). Input stage 810 has output leads sistor P8 becomes less conductive while transistor P9 

816 and 818 coupled to a second gain stage 820 at input ss becomes more conductive. Thus, the voltage at the drain of 

leads 822 and 824, respectively. An ou^ut lead 826 of transistor P9 is pulled iq>, while the voltage at the drain of 

acdve-load stage 820 Is coupled to an output stage 830 at transistor P8 decreases. 

input lead 832. Conversely, when the voltage on positive input lead 824 

Input stage 810 includes P-cfaannel transistor P4 having a decreases (the voltage on negative input lead 822 increases 

gate coupled to P-channel current miiror 310 (FIG. 3). 60 because of the differential output of input stage 810), tran- 

Transistor P4 is substantially identical to transistors P1-F3 sistor P8 becomes mere conductive while transistor P9 

and serves as a current source for input stage 810, providing becomes less conductive. Accordingly, transistor N9 con- 

a current, mirrored from P-cfaannel current mirror 310. duas mare curroit than transistcn- N8. Because transistors 

substantially equal to current IptM. N8 and N9 have the same gate-to-source voltage, transistor 

The drain of transistor P4 is coupled to the source-coupled 6S N8 enters the ohmic region of operation (i.e.. a much smaller 

pair formed by P-cfaannel transistors P6 and F7. Hie gate of V^^ to conduct the smaller current which pulls down the 

transistor P6 serves as die positive input terminal of com- voltage at ouQwt lead 826. Accordingly, second gain stage 
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820 operates as a differential amplifier generadng an output 
signal at output lead S26. 

Output lead 826 of second gain stage 820 is connected to 
an input lead 832 of ou^ut stage 830 conqxiising two 
ioveiters. An inverter 834 has an input lead coupled to input 
lead 832. In inveiter 834. the WA. ratio of the P-channel 
transistor is approximately Vi of the W/L ratio of the 
N-channel transistor. This ratio of W/L ratios lowers the 
**trq>** voltage of inverter 834 (Le.. the voltage above which 
the inverter considers the input signal a logic 1 input signal, 
and below which the inverter considers the input signal a 
logic 0 input signal) to correspond to the voltage range of the 
output signal generated by second gain stage 820 at output 
lead 826. The input lead of inverter 836 is coupled to the 
output lead of inverter 834, thereby inveituig the output 
signal generated by inverter 834. Thus. conq)arator 140 has 
an even number of inversions, resulting in a non-inverted 
ou^ signal being generated at ou^ut lead 838. 

FIG. 9 shows pumped substrate system 900 conqnising a 
VCO 910, capaddve pump 130, level shifter 210. and an 
an^)lifier 940. Level shifter 210 and capadtive pump 130 
operate as described above for pumped substrate system 200 
(FIG. 2) and« thus, level shifter 210 ou^iits a voltage Vsense 
that is voltage Vbg higher than substrate voltage VBB. 

An^lifier 940 operates in a manner similar to comparator 
140 (FIG. 2) excq>t that an^lifier 940 outputs a voltage Vdif 
proportional to the voltage difference between voltage Vbg 
and substrate voltage VBB instead of the digital ou^t of 
comparator 140. As a result when substrate voltage VBB is 
slightly higher than voltage Vbg, anqslifier 940 ou^Mits a 
relatively small positive voltage Vdif, whereas when sub- 
strate voltage VBB is much higher than voltage Vbg, ampli- 
fier 940 outputs a relatively large positive voltage Vdif. The 
ou^ lead of anq)iifier 940 is coipled to the input lead of 
VCO 910. 

V(X) 910 outputs a dock signal having a firequency 
proportional to the value of Vdif. VCO 910 is a conventional 
VCO. The output lead of VCO 910 is coupled to the input 
lead of capadtive pump 130. 

Capadtive pump 130 operates to pump negative charge 
into &e substrate. The rate at which capadtive pump 130 
pumps negative diarge into the substrate is prop<Htional to 
the frequency of the dock signal recdved from VCO 910. 

Amplifier 940, VCO 910. c^dtive pump 130, and levd 
shifter 210 form a feedback loop that operates to maintain 
substrate voltage VBB af^oximately equal to -1.5V. As 
described above in conjunction with FIG. 2, the negative 
diarge punq)ed into the substrate bleeds, ther^y causing 
substrate voltage VBB to rise. The higher substrate voltage 
VBB is than -L5V, the larger the value of voltage Vdif. 
Consequently, VCO 910 gen^ates a higgler firequency dock 
signaL which in turn causes capadtive pump 130 to pump 
negative charge into the substrate at a greater rate. Thus, 
substrate voltage VBB is more quickly driven toward tiie 
desired voltage of -1.5V. As substrate voltage VBB 
q»pfoaches -1.5V, voltage Vdif decreases, thereby causing 
VCO 910 to generate a lower frequency dock signal, which 
in turn causes capadtive pump 130 to punq) negative diarge 
into the substrate at a lower rate. When voltage Vdif is equal 
to OV. VCO 910 st<^ generating a clock signaL However, 
as negative charge bleeds firom the substrate, voltage Vdif 
will rise above OV. thus causing VCO 910 to output a dock 
signal. Thus, the feedback loop operates to continuously 
maintain substrate voltage VBB at the desired level of 
-1.5V 

The foregoing has described the prindples and prefened 
embodiments of the present invention. However, the inven- 
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tion should not be construed as being limited to the particu- 
lar embodiments described. For exanq;>le, different inq>l6- 
mentations of the c^dtive charge punq) and/or anq>lifiers 
and/or band gqs references may used. F^n^er, other embodi- 

5 ments may be used in applications different from the CMOS 
application described herdn. Still further, embodiments 
may be adapted for N-type substrates. Thus, the above- 
described embodiments should be regarded as illustrative 
rather than restrictive. Variations can be made to those 

10 embodiments by workers skilled in the ait without departing 
from the scope of the present invention as deifined by the 
following claims. 

We Hflim! 

1. A circuit implemented on a substrate having a voltage 
15 generated by a charge pump, said circuit comprising: 

a current source providing a first current that is propor- 
tional to temperature; and 
a levd ^lifter coupled to said current source and said 
substrate, said levd shifter providing 
^ a first voltage that is shifted from said voltage of said 
substrate, wherein said level shifter comprises: 
a first P-channel transistor coiq)led to said current 
source, said first P-channel transistor conducting a 
current substantially equal to said first cunent; 
^ a first resistive device coupled to a drain of said first 
P-cbannel transistor; and 
a first FN? transistor having a base and collector 
coupled to said substrate and ao emitter coupled to 
said first resistive device. 
^ 2. The circuit of daim 1 wh^ein a voltage drop across 
said first resistive device and a base-to-emitter voltage of 
said first FNP transistor provides a voltage sum. 
said first voltage and said voltage of said substrate have a 

voltage difference, and 
the voltage sum is substantially equal to the voltage 
difference. 

3. The circuit of daim 2 wherein said first voltage is 
substantially equal to ground potential. 
40 4. The circuit of claim 1 wherein said current source 
comprises: 

P«channel anrent mirror for conducting a second current, 
the second current being substantially equal to the first 
current; 

45 a N-<hannel current minor for conducting said second 
current from said P-channel current mirror; 
a second PNP transistor having a collector coupled to said 
substrate and a base coi^led to a source of a second 
voltage; 

a second resistive device coupled between said N-channd 
current mirror and an emitter of said second PNP 
transistor; and 
a third PNP transistor having a collector coiq)led to said 
j3 substrate, a base coupled to said source of said second 
voltage, and an emitt^ coupled to said N-channd 
current mirror. 
5. The circuit of daim 4 wherein said second voltage is 
substantially equal to ground potential. 
^ 6. The circuit of daim 4 wherein said first, second, and 
third PNP transistors are vertical parasitic FNP transistors. 

7. The circuit of daim 6 wherein said N-cfaannd current 
mnror comprises: 
a first N-chaimel transistor having a source coupled to 
55 said emitter of said third PNP transistor; and 

a second N-channd transistor having a source coupled to 
said second resistive device, said second resistive 
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device being coupled in series b^eeo said source of 
said second N-dtanod transistor and said emitter of 
said second FNP transistor. 

8. The circuit of claim 1 whercin said emitter of said first 
FNP transistor is f(»ined from a source pf diffusion, said 
base of said first FSP transistor is fonned from a n-well and 
said collector of said first FNP transistor is fonned from said 
substrate. 

9. A method for maintaining a vcdtage of a substrate at a 
predetermined level, said method comprising the steps of: 

providing a first voltage that is substantially equal to a 
sum of a base-to-cmitter voltage of a transistor and a 
product of a thermal voltage and a constant, wherein 
said constant is a product of a ratio of resistances and 
a natural logarithm of a ratio of emitter areas; 

applying said first voltage between said substrate and a 
first node; and 

varying a charge in said substrate to maintain a voltage of 
said first node at a second voltage, wherein the voltage 
of said substrate is maintained at said predetennined 
leveL 

10. The method of claim 9 wherein said step of providing 
comprises the step of varying a resistance ratio, wherein a 
change in said resistance ratio causes a proportional change 
in said constant. 

11. The method of claim 9 wherein said st^ of providing 
coix^)rises the stq> of varying an emitter area ratio. 

12. A structure for maintaining a voltage of a substrate at 
a predetennined ieveL said structure comprising: 

means for providing and applying a first voltage that is 
substantiaUy equal to a sum of a base-emitter voltage of 
a transistor and a product of a thermal voltage and a 
constant wherein said constant is a product of a ratio 
of resistances and a natural logarithm of a ratio of 
emitter areas; 

said first voltage being applied between said substrate and 
a first node; and 

means for varying a charge in said substrate to maintain 
a voltage of said first node at a second voltage, wherein 
the voltage of said substrate is maintained at said 
predetermined level. 

13. The structure of claim 12 wherein said means for 
providing com^^es means for vaiying a resistance ratio, 
wherein a change in said resistance ratio causes a propor- 
tional change in said constant 
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14. The structure of daim 13 wherein said means for 
providing comprises means for varying an emitter area ratio. 

15. The structure of daim 12 wherein said means for 
varying comprises: 

means for comparing said second voltage to said voltage 
of said first node; 

means for generating a first signal when said voltage of 
said first node is more positive than said second volt- 
age. 

16. The structure of claim 15 wherein said means for 
varying Anther comprises means for pumping negative 
charge into said substrate. 

17. The structure of daim 16 wherein said means for 
pumping comprises: 

means for providing an oscillating signal; and 
means for gating said oscillating signal to a c^>adtive 
charge pump. 

18. The structure of daim 17 wherein said means for 
gating comprises: 

means far receiving said first signal on a first hiput lead 

of an AND gate; and 
means for receiving said oscHlaling signal on a second 

input lead of said AND gate. 

19. A system for maintaining a voltage of a substrate at a 
predelomined voltage, said system conqvising: 

an oscillator; 

a gating circuit having an input lead coupled to an ou^Mt 

lead of said osdllator; 
a pump circuit having an input lead coupled to an output 

lead of said gating circuit and an output lead coupled to 

said substrate; 

a levd shifter coupled between said substrate and a node; 
and 

a comparing circuit having a first i^Hit lead coupled to 
said node, a second input lead coupled to a voltage 
source and an output lead oouf^ed to a control lead of 
said gating circuit; 
wherein said oscillator is a voltage-controlled oscillator 
and said comparing circuit is an amplifier, said voltage- 
controlled osdllator having an input lead coi^led to an 
ou^t lead of said an^lifier. 
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[57] ABSTRACT 

A multiple frequency oscillator responds to a control 
signal to selectively produce an output signal having a 
first frequency or a second frequency. The oscillator 
includes a plurality of inverter stages (48i-48s) with the 
input of each inverter stage coupled to the output of 
another inverter stage. At least one of the inverter 
stages inclifdes first and second transistors (50,51) hav- 
mg current paths connected in parallel, a third transistor 
(52) having a current path connected in series with the 
current paths of the first and second transistors (50, 51) 
between a first voltage source (Vdd) and the inverter 
stage output, and a fourth transistor (53) having a cur- 
rent path connected between the inverter stage output 
and a second voltage source (Vss). The control elec- 
trodes of the first, third, and fourth transistors (50» 52, 
53) are connected to the input of the inverter stage. A 
control signal controls the conductivity of the second 
transistor (51) to select the frequency of output signal of 
the oscillator (44). 

34 Claims, 5 Drawing Sheets 
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MULTIPLE FREQUENCY RING OSCILLATOR 

FIELD OF THE INVENTION 

This invention generally relates to oscillators and, ^ 
more particularly, to multiple frequency oscillators. 

BACKGROUND OF THE INVENTION 

Without limiting the scope of the invention, its back- 
ground is described in connection with substrate bias 
voltage generators for dynamic random access memo- 
ries ^RAMs) and other semiconductor devices, as an 
example. 

DRAMs, as well as other types of semiconductor 
devices, are often provided with both an active mode 
and a standby mode of operation. Power consumption 
in the standby mode is reduced with respect to that in 
the active mode to increase efficiency during periods of 
time in which the device is powered up but idle. 

One method to reduce power consumption in the ^ 
standby mode is to reduce the frequency of operation of 
various circuits, such as substrate bias voltage genera- 
tors, that must continually operate while the device is 
powered up. This method requires dual oscillator fre- 
quencies: a higher frequency to drive the circuits at full 
speed daring operation in the active mode, and a lower 
frequency to drive the circuits at a slower speed, 
thereby reducing the power consumed by the circuits, 
during operation in the standby mode. 

FIG. 1 shows a substrate bias voltage generator 10 30 
according to the prior art that operates at dual frequen- 
cies. As is well known, substrate bias voltage generators 
are used to bias the substrates of DRAMs and other 
semiconductor devices to a negative voltage in order to 
improve performance of the semiconductor device. 35 
Substrate bias voltage generator 10 includes a first oscil- 
lator 14 and a first charge pump 16 for biasing substrate 
node 11 when the semiconductor device is operating in 
the active mode. Substrate bias voltage generator 10 
also includes a second oscillator 18 and a second charge 40 
pump 20 for biasing substrate node 11 when the semi- 
conductor device is operating in the standby mode. 

Oscillator 18 has an input for receiving a SELECT 
signal while oscillator 14 has an input for receiving an 
inverted SELECT signal via inverter 12. In the standby 45 
mode, the SELECT signal has a high state to activate 
oscillator 18 and inactivate oscillator 14. Oscillator 18, 
when activated, supplies an output signal having a first 
frequency fl to charge pump 20. Charge pump 20 biases 
substrate node 11 in response to the output signal from SO 
oscillator 18. 

In the active mode, the SELECT signal has a low 
state to inactivate oscillator 18 and activate oscillator 
14. Oscillator 14, when activated, supplies an output 
signal having a second frequency fZ, that is greater than 55 
n, to charge pump 16. Charge pump 16 biases substrate 
node 11 in response to the output signal from oscillator 

While substrate bias voltage generator 10 is capable 
of operating at dual frequencies to reduce standby 60 
power consumption, the cost is a relatively large 
amount of silicon area since two separate oscillators and 
two separate charge pumps are required. 

FIG. 2 shows a second substrate bias voltage genera- 
tor 22 according to the prior art that operates at dual 65 
frequencies. Substrate bias voltage generator 22 in- 
cludes a first oscillator 24 that supplies an output signal 
having a first frequency fl to select circuit 28 and a 
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second oscillator 26 that supplies an output signal hav- 
ing a second frequency f2, that is greater than fl, to 
select circuit 28. Select circuit 28 selectively couples the 
output signal of oscillator 24 or the output signal of 
oscillator 26 to charge pump 30 in response to a SE- 
LECT signal. Charge pump 30 generate a bias voltage 
in response to the signal received from select circuit 28. 

In the standby mode, the SELECT signal has a first 
state causing select circuit 28 to couple the output of 
oscillator 24 to charge pump 30. Charge pump 30 biases 
substrate node 21 in response to the output signal from 
oscillator 24. 

In the active mode, the SELECT signal has a second 
state causing select circuit 28 to couple the output of 
oscillator 26 to charge pump 30. Charge pump 3D biases 
substrate node 21 in response to the output signal from 
osdllator 26. 

While substrate bias voltage generator 22 is capable 
of operating at dual frequencies to reduce standby 
power consmnption, the^ cost is a relatively large 
amount of silicon area since two separate oscillators and 
a select circuit are required. 

FIG. 3 shows a third substrate bias voltage generator 
32 according to the prior art that operates at dual fre- 
quencies. Substrate bias voltage generator 32 includes 
an oscillator 34 that supplies an output signal having a 
first frequency f2 to select circuit 38 and to frequency 
divider 36. Frequency divider 36 supplies an output 
signal having a second frequency fl, that is less than f2, 
to select circuit 38. Select circuit 38 selectively couples 
the output signal of oscillator 34 or the output signal of 
frequency divider 36 to charge pump 40 in response to 
a SELECT signal. Charge pump 40 generate a bias 
voltage in response to the signal received from select 
circuit 38. 

In the standby mode, the SELECT signal has a first 
state causing select circuit 38 to couple the output of 
frequency divider 36 to charge pump 40. Charge pump 
40 biases substrate node 31 in response to the output 
signal from frequency divider 36. 

In the active mode, the SELECT signal has a second 
state causing select circuit 38 to couple the output of 
oscillator 34 to charge pump 40. Charge pump 40 biases 
substrate node 31 in response to the output signal from 
oscillator 34. 

While substrate bias voltage generator 32 is capable 
of operating at dual frequencies to reduce standby 
power consumption, the cost is a relatively large 
amount of silicon area ance a frequency divider and 
select circuit are required. In addition, the reduction in 
power consumption is compromised to some extent by 
the power required to operate frequency divider 36. 

SUMMARY pF THE INVENTION 

Generally, and in one form of the invention, a multi- 
ple frequency oscillator, includes: a plurality of inverter 
stages, each inverter stage including an input and an 
output, the input of each inverter stage coupled to the 
output of at least one other inverter stage, one of the 
inverter stage outputs supplying an oscDlator output 
signal; at least one of .the inverter stages having an input 
for receiving a control signal, the control signal selec- 
tively having a first state or a second state, the at least 
one inverter stage responsive to the first state to cause 
the oscillator output signal to have a first frequency and 
responsive to the second sute to cause the oscillator 



5,208,557 

3 4 

output signal to have a second frequency different from inverter stage 48 also includes parallel coupled n-chan- 

the first frequency. nel transistors 54 and 55 having sources connected to 

An advantage of the invention is a reduction in the Vss or ground and drains connected to the source of 

area required by a circuit capable of producing an out- n-channel transistor 53. The input of each inverter stage 

put signal having a plurality of selectable frequencies. 5 48 is connected to the gates of transistors 50, 52, 53, and 

RttlFF nF^niTPTinK OF THF nUAWINOS ^ ^""^^^ inverter stage 48 is connected 

BRIEF DESCRIPTION OF THE DRAWINGS between the source of transistor 52 and the drain of 

In the drawings: transistor 53. 

FIGS. 1-3 are schematic block diagrams of substrate The SELECT signal on line 43 is applied to the gates 

bias voltage generators according to the prior art; 10 of n-channel transistors 55i-55s and to the input of in- 

FIG. 4 is a schematic block diagram of a substrate verter 56. Inverter 56 applies an inverted SELECT 

bias voltage generator according to the invention; signal to the gates of p-channel transistors 51i-51s- 

FIG. 5 is a schematic diagram of the dual frequency The frequency of oscillation of the output signal pro- 
oscillator of FIG. 4; duced by oscillator 44 is determined by the rates at 

FIG. 6a is a diagram showing voltage waveforms at 15 which nodes N1-N5 charge and discharge. The rate at 

various nodes of the oscillator of FIG. 5 during low which each of nodes N1-N5 charges is directly propor- 

frequency operation; tional to the capacitance at that node and the rate at 

FIG. 6^ is a diagram showing voltage waveforms at which current flows to that node. The rate at which 

various nodes of the oscillator of FIG. 5 during high each of nodes N1'N5 discharges is directly propor- 

frequency operation; and 20 tional to the capacitance at that node and the rate at 

FIG. 7 is a schematic diagram of a multiple frequency which current flows from that node. The state of the 

osdllator. SELECT signal controls whether transistors 51i-51s 

Corresponding numerals and symbols in the difTerent and 55i-555 are conducting or non-conducting to deter- 

figures refer to corresponding parts unless otherwise mine the rate at which current flows to or from nodes 

indicated. 25 N1-N5 and thereby the frequency of the output signal 

DETAILED DESCR^ PREFERRED ^"^^the^ELE^^ state, oscillator 

EMBODIMENTS ^ produces an output signal having low frequency ft. 

FIG. 4 shows a substrate bias voltage generator 42 This is due to the fact that the low state of the SELECT 

according to the invention that operates at multiple 30 signal applied to the gates of n-channel transistors 

frequencies. Substrate bias voltage generator 42 in- 55i-55s turns transistors 55i-55s off, while the high state 

eludes a dual frequency oscillator 44 connected to a of the inverted SELECT signal applied to the gates of 

charge pump 46. Dual frequency oscillator 44 receives p-channel transistors 51i-51s also turns transistors 

a SELECT signal on line 43 and in response supplies an 5li-5l5 off. The nodes N1-N5 are alternately charged 

oscillating output signal having a predetermined fre- 35 by current flowing thlrough series connected transistor 

quency over line 45 to charge pump 46. The output pairs 50i and 52 1; 502 and 522; 5O3 and 523; 504and 524; 

signal of oscillator 44 has a flrst frequency fl when the 5O5 and 52s, respectivelyi and discharged by current 

SELECT signal is low and a second frequency fl, flowing through series connected transistor pairs 53 1 

which is greater than fl, when the SELECT signal is and 54i; 532 and 533 and 543; 534 and S44; 535 and 

high. 40 54s, respectively. 

Charge pump 46 generates a bias voltage to bias sub- When the SELECT signal is in a high state, oscillator 

strate node 41 in response to the signal received from 44 produces an output signal having high frequency f2. 

oscillator 44. In the standby mode, the SELECT signal This is due to the fact that the high state of the SE- 

has a first low state to cause oscillator 44 to produce an LECT signal applied to the gates of n-channel transis- 

oscillating output signal having low frequency fl. 45 tors 55i-555 turns transistors 55i-555 on, while the low 

Charge pump 46 biases substrate node 41 in response to state of the inverted SELECT signal applied to the 

the output signal from oscillator 44 having frequency fl. gates of p-channel transistors 51i-51s also turns transis- 

In the active mode, the SELECT signal has a second tors 51i-51s on. The nodes N1-N5 are alternately 

high state to cause oscillator 44 to produce an oscillat- charged by current flowing through groups of transis- 

ing output signal having high frequency f2. Charge 50 tors 50i, 51] and 52i; 5O2, 5l2and 522; 5O3, 5l3and 523; 

pump 46 biases substrate node 41 in response to the 5O4, 5l4and 524; and 5O5, 51s and 525, respectively, and 

output signal from oscillator 44 having frequency fZ. discharged by current flowing through series connected 

Charge pump 46 may be implemented using any of transistor pairs 53i, 54] and 55i; 532, 542 and 552; 533, 
numerous well-known circuits. Suitable charge pump 543 and 553; 534, 544 and 554; and 53s, 545 and 55s, re- 
circuits are disclosed in U.S. Pat. Nos. 4,631,421 and 55 spectively. With transistors 51i-51sand 55i-55son, the 
4,628,215, both of which are assigned to Texas Instru- rate at which current flows to or f^om nodes N1-N5 is 
ments. Incorporated and are incorporated herein by increased to increase the rate at which nodes N1-N5 
reference. charge and discharge and therefore the frequency of the 

FIG. 5 shows oscillator 44 in detail. Oscillator 44 is a output signal produced by oscillator 44. 

ring oscillator having an odd number (in this case, five) 60 FIG. 6a shows the voltage waveforms at nodes 
of cascaded inverter stages 48i-48s. The outputs of N1-N5 when the SELECT signal is low. Node N5 is 

inverter stages 48], 482, 483, 484» and 48s are connected initially low to turn transistors 50s and 52s on and tran* 

to the inputs of stages 482, 483, 484, 48s, and 48], respec- sistors 53s and 545 off so that node Nl is charged only by 

tively. " current flowing from Vdd through transistors 50s and 

Each inverter stage 48 includes parallel-coupled p- 65 525. The rising voltage at node Nl will eventually turn 

channel transistors 50 and 51 having drains connected transistors 50i and 52i ofl* and 53] and 54] on, permitting 

to a source of positive voltage Vdd and sources con- current to flow from node N2 to Vss discharging node 

nected to the drain of p-channel transistor 52. Each N2. The falling voltage at node N2 will eventually turn 
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transistors 5O2 and 522 on and 532 and 542 off. permitting 
current to flow from Vdd to node N3 charging node* 
N3. The rising voltage at node N3 will eventually turn 
transistors 5O3 and 523 off and 533 and 543 on, permitting 
current to flow from node N4 to Vss discharging node 5 
N4. The falling voltage at node N4 will eventually turn 
transistors 5Q4 and 524 on and 534 and 544 off, permitting 
current to flow from Vdd to node N5 charging node 
N5. As node N5 charges it will cause node Nl to dis- 
charge to complete one-half cycle. 10 

FIG. 6b shows the voltage waveforms at nodes 
N1-N5 when the SELECT signal is high. Node N5 is 
initially low to turn transistors 5O5 and 52s on and tran- 
sistors 535 and 54$ ofif so that node Nl is charged by 
current flowing from Vdd through transistors 50s, 51s, 15 
and 52s- The rising voltage at node Nl will eventually 
turn transistors 50i and 52i off and 53i and 54i on, per- 
mitting current to flow from node N2 to Vss via transis- 
tors 53i, 54), and 55i discharging node N2. The falling 
voltage at node N2 will eventually turn transistors 5O2 20 
and 522 on and 532 and 542 off, permitting current to 
flow from Vdd to node N3 via transistors 5O2, 5l2, and 
522 charging node N3. The rising voltage at node N3 
will eventually turn transistors SOa and 523 off and 533 
and 543 on, permitting current to flow from node N4 to 25 
Vss via tranastors S33, 543, and 553 discharging node 
N4. The falling voltage at node N4 will eventually turn 
transistors 5O4 and 524 on and 534 and 544 off, permitting 
current to flow from Vdd to node N5 via transistors 5O4, 
5I4, and 524 charging node N5. As node N5 charges it 30 
will cause node Nl to discharge to complete one-half 
cycle. 

The current through each of transistors 50-55 in each 
of inverter stages 40]-48s is proportional to the width 
and length of the transistor. Accordingly, the sizes of 35 
transistors 50-55 in inverter stages are chosen to pro- 
vide the desired low and high frequencies fl and f2. 

Although each of inverter stages 48i-48s is shown as 
having both transistors 51 and 55, it is understood that 
dual frequency operation results when only one of tran- 40 
sistors 51 and 55 is used in one or more inverter stages. 

FIG. 7 shows a multiple frequency oscillator 57 that 
provides an output signal having more than two select- 
able frequendes. Oscillator 57 may be used in substrate 
bias voltage generator 42 of FIG. 4 in place of dual 45 
frequency oscillator 44 whenever it is desired to drive 
charge pump 46 at more than two frequencies. Oscilla- 
tor 57 is a ring oscillator having an odd number, n, 
where n is greater than or equal to 3, of cascaded in- 
verter stages 58i-58ii. The outputs of inverter stages 50 
58], 582-58a are connected to the inputs of stages 
582-58n, and 58], respectively. 

Each inverter stage 58 includes parallel-coupled p- 
channel transistors 60i-60n having drains connected to a 
source of positive voltage Vdd and sources connected 55 
to the drain of p-channel transistor 62. Each inverter, 
stage 58 also includes paralld coupled n-chaxuel transis- 
tors 661 -661, having sources connected to Vss or ground 
and drains connected to the source of n-channel transis- 
tor 64. The input of each inverter stage 58 is connected 60 
to the gates of transistors 62 and 64. The output of each 
inverter stage 58 is connected between the source of 
transistor 62 and the drain of transistor 64. 

The SELECT! signal on line 68' is applied to the 
gates' of n-channel transistors 661 and to the input of 65 
inverter 70i. Inverter 70i applies an inverted SELECTl 
signal to the gates of p-channel transistors 6O1. When 
the SELECTl signal is low, transistors 661 and 60] are . 
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off. When the SELECTl signal is high, transistors 66] 
and 60] are on. 

The SELECT2 signal on line 682 is applied to the 
gates of n-channel transistors 662 and to the input of 
inverter 7O2. Inverter 7O2 applies an inverted SELECT2 
signal to the gates of p-channel transistors 6O2. When 
the SELECT2 signal is low, transistors 662 and 602are 
off. When the SELECT2 signal is high, transistors 662 
and 6O2 are on. 

The SELECTn signal on line 68a is applied to the 
gates of n-channel transistors 66n and to the input of 
inverter 70a. Inverter 70a applies an inverted SELECTn 
signal to the gates of p-channel transistors 60n. When 
the SELECTn signal is low, transistors 660 and 60ji are 
off. When the SELECTn signal is high, transistors 6611 
and 60a are on. 

. The frequency of oscillation of the output signal on 
line 59 produced by oscillator 57 is determined by the 
rates at which nodes Nl-Nn charge and discharge. 
Nodes Nl-Nn charge and discharge in a manner similar 
to nodes N1-N5 of oscillator 44 of FIG. 4. The rate at 
which each of nodes Nl-Nn charges and discharges is 
directly proportional to the capacitance at that node 
and the rate at which current flows to and from that 
node. 

The states of the signals SELECTl-SELECTn con- 
trol which of transistors 60i-60a and transistors 66i-66a 
are conductive or non-conductive to determine the rate 
at which current flows to or from nodes Nl-Nn and 
thereby the frequency of the output signal produced by 
oscillator 57 on line 59. At least one of the signals SE- 
LECTl-SELECTn must be high during operation of 
oscillator 57 to provide at least one current path from 
Vdd to Vss in each of inverter stages 58i-58n to permit 
the charging and discharging of nodes Nl-Nn. Increas- 
ing the number of SELECT signals that are high in- 
creases the rate at which current flows to and from 
nodes Nl-Nn to increase the frequency of the output 
signal on line 59. 

Each inverter stage of oscillator 57 could be provided 
with first and second additional transistors to eliminate 
the requirement that one of the SELECTl-SELECTn 
signals be high in order for oscillator 57 to operate. 
These first and second additional transistors would 
correspond to transistors 50 and 54 of FIG. 5. The first 
additional transistor would have a current path con- 
nected in parallel with the current paths of transistors 
60] and a gate connected to the gates of transistors 63 
and 64. The second additional transistor would have a 
current path connected in parallel with the current 
paths of transistors 661 and a gate connected to the gates 
of transistors 63 and 64. 

A few preferred embodiments have been described in 
detail hereinabove. It is to be understood that the scope 
of the invention also comprehends embodiments differ- 
ent from those described, yet within the scope of the 
claims. 

For example, bipolar transistors may be used in place 
of fleld effect transistors. In addition, implementation is 
contemplated in discrete components or fully integrated 
circuits in silicon, gallium arsenide, or other electronic 
materials families. 

While this invention has been described with refer- 
ence to illustrative embodiments, this description is not 
intended to be construed in a limiting sense. Various 
modiflcations and combinations of the illustrative em- 
bodiments, as well as other embodiments of the inven- 
tion, will be apparent to persons skilled in the art upon 
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reference to the description. It is therefore intended that first state of said control signal and conductive in 

the appended claims encompass any such modifications response to said second state of said control signal, 

or embodiments. 5. A multiple frequency oscillator, comprising: 

What is claimed is: a plurality of inverter stages, each inverter stage in- 

1. A multiple frequency oscillator, comprising: S eluding an input and an output, the input of each 
a plurality of inverter stages, each inverter stage in- inverter stage coupled to the output of another 

eluding an input and an output, the input of each inverter suge, one of said inverter stage outputs 

inverter stage coupled to the output of at least one supplying an oscillator output signal; 

other inverter stage, one of said inverter stage out- at least one of said inverter stages including: 

puts supplying an oscillator output signal; 10 first and second transistors having current paths con- 

at least one of said inverter stages having an input for nected in parallel; 

receiving a control signal, said control signal selec- a third transistor having a current path connected in 

lively having a first state or a second state, said at series with the current paths of said first and second 

least one inverter stage responsive to said first state transistors between a first voltage source and the 

to cause said oscillator output signal to have a first 15 output of said at least one inverter stage; 

frequency and responsive to said second state to a fourth transistor having a current path connected 

cause said oscillator output signal to have a second between said inverter stage output and a second 

frequency different from said first frequency, said voltage source; 

at least one inverter stage including a plurality of the input of said at least one inverter stage coupled to 

parallel current paths, at least one of said current 20 control electrodes of said fourth transistor and at 

paths being non-conductive in response to said first least one of said first and third transistors; 

state of said control signal and conductive in rie- said second transistor having a control electrode for 

sponse to said second state of said control signal. receiving a first control signal having a first state 

2. The multiple frequency oscillator of claim 1, in and a second state, said second transistor being 
which said at least one current path includes a transis- 25 non-conductive in response to said first control 
tor, said transistor being non-conductive in response to signal having said first state and conductive in 
said first state of said control signal and conductive in response to said first control signal having said 
response to said second state of said control signal. second state. 

3. The multiple frequency oscillator of claim 1, in 6. The multiple frequency oscillator of claim 5, in 
which said at least one inverter stage includes: 30 which said first voltage source is a source of ground. 

first and second transistors having current paths con- 7. The multiple frequency oscillator of claim 5, in 

nected in parallel; which said second voltage source is a source of positive 

a third transistor having a current path connected in voltage, 

series with the current paths of said first and second 8. The multiple frequency oscillator of claim 5, in 

transistors between a first voltage source and the 35 which there are 2n+l inverter stages, where n is an 

output of said at least one inverter stage; integer greater than or equal to 1. 

a fourth transistor having a current path connected 9. The multiple frequency oscillator of claim 5, in 

between said inverter stage output and a second which the input of said at least one inverter stage is 

voltage source; coupled to the control electrodes of said first and third 

the input of said at least one inverter stage coupled to 40 transistors, 

control electrodes of said fourth transistor and at 10. The multiple frequency oscillator of claim 5, in 

least one of said first and third transistors; which the input of said at least one inverter stage is 

said second transistor having a control electrode for coupled to the control electrode of said third transistor, 
receiving said control signal, said second transistor the control electrode of said first transistor receiving a 
being non-conductive in response to said control 45 second control signal having a first state and a second 
signal having said first state and conductive in state, said first transistor being non-conductive in re- 
response to said control signal having said second sponse to said second control signal having said first 
state. state and conductive in response to said second control 

4. A multiple frequency oscillator for use on an inte- signal having said second state. 

grated circuit selectively operable in a standby mode or 50 11. The multiple frequency oscillator of claim 5, fur- 
an active mode, comprising: ther including fifth and sixth transistors having current 
a plurality of inverter stages, each inverter stage in- paths connected in parallel, said current path of said 
eluding an input and an output, the input of each fourth transistor connected in series with the current 
inverter stage coupled to the output of at least one paths of said fifth and sixth transistors between said 
other inverter stage, one of said inverter stage out- 55 second voltage source and said inverter stage output, 
puts supplying an oscillator output signal; said sixth transistor having a control electrode for re- 
at least one of said inverter stages having an input for ceiving the complement of said first control signal, said 
receiving a control signal, said control signal hav- mth transistor being non-conductive m response to said 
ing a first stage in the standby mode or a second first control signal having said first state and conductive 
state in the active mode, said at least one inverter 60 in response to said first control signal having said sec- 
stage responsive to said first state to cause said ond state. 

oscillator output signal to have a first frequency 12. The multiple frequency oscillator of claim 11, in 

and responsive to said second state to cause said which the input of said at least one inverter stage is 

oscillator output signal to have a second frequency coupled to control electrodes of said first, third, and 

different from said first frequency, said at least one 65 fifth transistors. 

inverter stage including a plurdity of transistors 13. The multiple frequency oscillator of claim 11, in 

having parallel current paths, at least one of said which the input of said at least one inverter stage is 

transistors being non-conductive in response to said coupled to the control electrode of said third transistor. 
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the control electrode of said first transistor receiving a 
second control signal having a first state and a second 
state and a control electrode of said fifth transistor re- 
ceiving the complement of said second control signal, 
said first and fifth transistors being non-conductive in 5 
response to said second control signal having said first 
state and oonduaive in response to said second control 
signal having said second state. 

14. The multiple frequency oscillator of claim 13, 
further including: 10 

a seventh transistor having a current path coupled in 
parallel with the current paths of said first and 
second transistors and a control electrode for re- 
ceiving a third control signal having a first state 
and a second state; 

an eighth transistor having a current path coupled in 
paraUel with the current paths of said fif^ and 
sixth transistors and a control electrode for receiv- 
ing the complement of said third control signal, 
said seventh and eighth transistors being non-con- ^ 
ductive in response to said third control signal 
having said first state and conductive in response to 
said third control signal having said second state. 

15. The multiple frequency oscillator of claim 5, in 
which said first, second, third, and fourth transistors are 
field effect transistors. 

16. The multiple frequency oscillator of claim 5, in 
which said first, second, and third transistors are of a 
first conductivity type and said fourth transistor is of a 
second conductivity type opposite said first conductiv- 
ity type. 

17. The multiple frequency oscillator of claim 16, in 
which said first, second, and third transbtors are n- 
channel transistors and said fourth transistors is a p- 33 
channel transistor. 

18. The multiple frequency oscillator of claim 5, in 
which said oscillator output signal has a first frequency 
when said first control signal has said first state and a 
second frequency when said first control signal has said 40 
second state, said first frequency being less than said 
second frequency. 

19. A voltage generator for supplying a bias voltage 
to a node in an integrated circuit, comprising: 

a multiple frequency oscillator for producing an out* 45 
put signal having a frequency selected in response 
to at least one control signal; and 

a charge pump responsive to said output signal for 
supplying said bias voltage to said node; 

said multiple frequency oscillator including: so 

a plurality of inverter stages, each mverter stage in- 
cluding an input and an output, the input of each 
inverter stage coupled to the output of at least one 
other inverter stage, one of said inverter stage out- 
puts supplying said output signal; ss 

at least one of said inverter stages having an input for 
receiving said control signal, said control signal 
selectively having a first state or a second state, 
said at least one inverter stage responsive to said 
first state to cause said output signal to have a first 60 
frequency and responsive to said second state to 
cause said output signal to have a second frequency 
different from said first frequency, said at least one 
inverter stage, including a plurality of parallel cur- 
rent paths, at least one of said current paths being 65 
non-conductive in response to said first state of said 
control signal and conductive in response to said 
second state of said control signal. 
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20. The voltage generator of claim 19, in which said 
control signal has said first state when said integrated 
circuit operates in a standby mode and said second state 
when said integrated circuit operates in a standby mode 
and said second state when said integrated circuit oper- 
ates in an active mode. 

21. The voltage generator of claim 19, in which said 
at least one current path includes a transistor, said tran- 
sistor being non-conductive in response to said first 
state of said control signal and conductive in response 
to said second state of said control signal. 

22. The voltage generator of claim 19, in which said 
at least one inverter stage includes: 

first and second transistors having current paths con- 
nected in parallel; 

a third transistor having a current path connected in 
series with the current paths of said first and second 
transistors between a first voltage source and the 
output of said at least one inverter stage; . 

a fourth tranastor having a current path connected 
between said inverter stage output and a second 
voltage source; 

the input of said at least one inverter stage coupled to 
control electrodes of said fourth transistor and at 
least one of said first and third transistors; 

said second transistor having a control electrode for 
receiving said control signal, said second transistor 
being non-conductive in response to said control 
signal having said first state and conductive in 
response to said control signal having said second 
state. 

23. A multiple frequency oscillator, comprising: 

a plurality of inverter stages, each inverter stage in- 
cluding an input and an output, the input of each 
inverter stage coupled to the output of at least one 
other inverter stage, one of said inverter stage out- 
puts supplying an oscillator output signal; 

at least one of said inverter stages having a frequency 
control circuit connected between a first voluge 
source and the output of said at least one inverter 
stage, said frequency control circuit receiving a 
first control signal selectively having a first state or 
a second state, said frequency control circuit hav- 
ing a first resistance in response to said first state to 
cause said oscillator output signal to have a first 
frequency and having a second resistance less than 
said first resistance in response to said second state 
to cause said oscillator output signal to have a 
second frequency greater than said first frequency: 

said at least one inverter stage including: 

a first transistor having a current path connected in 
parallel with said frequency control circuit; 

a second transistor having a current path connected 
in series with the current path of said first transistor 
between said first voltage source and the output of 
said at least one inverter stage; 

a third transistor having a current path connected 
between the output of said at least one inverter 
stage and a second voltage source; 

the input of said at least one inverter stage coupled to 
control electrodes of said third transistor and at 
least one of said first and second transistors. 

24. The multiple frequency oscillator of claim 23, in 
which said frequency control circuit includes a fourth 
transistor having a current path coimected in parallel 
with the current path of said first transistor and a con- 
trol electrode for receiving said first control signal, said 
fourth transistor being non-conductive in response to 
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said first control signal having said first state and con- 
ductive in response to said first control signal having 
said second state. 

25. The multiple frequency oscillator of claim 23. in 
which the input of said at least one inverter stage is S 
coupled to the control electrodes of said first and sec- 
ond transistors. 

26. The multiple frequency oscillator of claim 23, in 
which the control electrode of said first transistor re- 
ceives a second control signal selectively having a first 10 
state or a second state, said first transistor being non- 
conductive in response to said second control signal 
having said first state and conductive in response to said 
second control signal having said second state. 

27. The multiple frequency oscillator of claim 23, in IS 
which said first voltage source is a source of ground. 

28. The multiple frequency oscillator of claim 23, in 
which said fu^t voltage source is a source of positive 
voltage. 

29. A multiple frequency oscillator, comprising: 20 
a plurality of inverter stages, each inverter stage in- 
cluding an input and an output, the input of each 
inverter stage coupled to the output of at least one 
other inverter stage, one of said inverter stage out- 
puts supplying an oscillator output signal; 25 

at least one of said inverter stages receiving a first 
control signal, said first control signal selectively 
having a first state or a second state, said at least 
one inverter stage re^nsive to said first state to 
cause said oscillator output signal to have a first 30 
frequency and responsive to said second state to 
cause said oscillator output signal to have a second 
frequency different from said first frequency, the 
input of said at least one inverter stage remaining at 
a substantially constant capacitance irrespective of 35 
the state of said first control signal, said at least one 
inverter stage including a frequency control circuit 
connected between a first voltage source and the 
output of said at least one inverter stage, said fre- 
quency control circuit receiving said first control 40 
signal, said frequency control circuit having a first 
resistance in response to said first state to cause said 
oscillator output signal to have a first frequency 
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and having a second resistance less than said first 
resistance in response to said second state to cause 
said oscillator output signal to have a second fre* 
quency greater than said first frequency; 

said at least one inverter stage including: 

a first transistor having a current path connected in 
parallel with said frequency control circuit; 

a second transistor having a current path connected 
in series with the current path of said first transistor 
between said first voltage source and the ouQ)Ut of 
said at least one inverter stage: 

a third transistor having a current path connected 
between the output of said at least one inverter 
stage and a second voltage source; 

the input of said at least one inverter stage coupled to 
control electrodes of said third transistor and at 
least one of said first and second transistors. 

30. The multiple frequency oscillator of claim 29, in 
which said frequency control circuit includes a fourth 
transistor having a current path connected in parallel 
with the current path of said first transistor and a con- 
trol electrode for receiving said first control signal, said 
fourth transistor being non-conductive in response to 
said first control signal having said first state and con- 
ductive in response to said first control signal having 
said second state. 

31. The multiple frequency oscillator of claim 29, in 
which the input of said at least one inverter stage is 
coupled to the control electrodes of said first and sec- 
ond transistors. 

32. The multiple frequency oscillator of claim 29, in 
which the control electrode of said first transistor re- 
ceives a second control signal selectively having a first 
state or a second state, said first transistor being non- 
conductive in response to said second control signal 
having said first state and conductive in response to said 
second control signal having said second state. 

33. The multiple frequency oscillator of claim 29, in 
which said first voltage source is a source of ground. 

34. The multiple frequency oscillator of claim 29, in 
which said first voltage source is a source of positive 
voltage. 

* • # • ♦ 
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[57] ABSTRACT 

A ring oscillator for use with a charge pump includes an 
odd number of inverter stages each having a primary 
input, a secondary input, and an output. Both inputs are 
switched to the same logic state to invert the logic 
signal at the output of the inverter stage. No crossing- 
current flows within the inverter stage if the inputs have 
different logic states. The output of each inverter stage 
is coupled to the primary input of a following inverter 
stage in a serially-connected ring fashion. The output of 
a last inverter stage is coupled to the primary input of a 
first inverter stage and forms an oscillating signal out- 
put, which is coupled to the charge pump. The second- 
ary input of each stage is coupled to the output of a 
preceding inverter stage. The preceding inverter pre- 
cedes the current inverter by an odd integer greater or 
equal to three. The ring oscillator includes a transistor 
coupled to the output of each inverter stage for impress- 
ing a initial pattern of alternating logic levels to begin 
the oscillation. 
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tor Q4 is biased on with bias voltage VBIAS2 at node 
ZERO CROSSINGOJRRENT RING OSOLLATOR 29. 

FOR SUBSTRATE CHARGE PUMP Inverters 100 and 100' both exhibit undesirable 

"crossing-current". This term refers to the characteris- 
BACKGROUND OF THE INVENTION 3 tic of the inverter whereby current Hows directly from 

Tlus invention relates generally to charge pumps for VDD to VSS through the transistors Q1-Q2 or Q1-Q4 
maintaining a constant voltoge bL on the substrate of dunng an edge transiuon of the mput signa^. Refemng 
an integrated circuit, and. mbre particularly, to.a sub- now to HG. 4. > P°"'°7f*%^,"^^7 'f^^^^^^^^ 
strate pump having reduced power requirements by signal is shown havmg GND and VDD logic levels, 
eliminating the crossing-current in the gates of the ring >0 The osciUating signal and operation of the inverters are 
osciUator used in conjunaion with the charge pump. divided into three zones. If the mput sign^ is less than 

A typical charge pump system 10 is shown in FIG. 1, the threshold voltage Vtw of transistor Q2, current is 
including a ring oscillator 12 for providing a square- directed from VDD through output node 22 into the 
wave oscillating signal to a charge pump 14. The charge load and transistor Ql is off. If the input signal is greater 
pump 14, which is coupled between a positive supply than VDD minus the threshold voltage Vrpof transis- 
voltage and ground, usually includes two diodes and a tor Ql, current is directed from the load through output 
capacitor for converting the square-wave oscillating node 22 to VSS and transistor Q2 is off. If the input 
signal into a negative voluge. although other more agnal is between VrArand VDD— Vn>. transistors Ql 
sophisticated circuits exist. The negative voltage is pro- and Q2 are both on, and an undesirable crossing-current 
vided at output 16 for driving the substrate of an inte- 20 component flows from VDD to VSS. The current, 
grated circuit in the absence of an external source of which can be made small in a single inverter, is nonethe- 
negative supply voltage. In the alternative, substrate ]ess significant if multiplied by the number of inverters 
pump 14 is sometimes configured to provide a voltage required in the ring oscillator 12. The total current, 
higher than the most positive supply voltage for driving multiplied by the difference in voltage between the 
isolated wells on the integrated circuit. The ring oscilla- 25 yjjjj 3,,^ ygg power supplies, represents a significant 
tor 12 includes an odd number of inverter stages amount of wasted power consumption in the charge 
101-113 arranged in a serially-connected ring fashion. pump syst^ 10. 

Thirteen inverter stages are shown in FIG. 1, but the Accordingly, a need remains for a charge pump sys- 
exact number can be any odd number depending upon -^^ ^^^.j, ^^^^ consumption due to crossing- 

the delay through each stege and the desired osallatmg 30 ^^^^^^ ^j^^ inverter stages of the ring osdUator is 
frequency. The "X" output of each inverter is coupled ^^j^ed or even eliminated, 
to the "A" input of a succeeding inverter m the rmg. 

The output of the last inverter 113 is coupled to the SUMMARY OF THE INVENTION 

input Of the first inverter 101 to fonn the oscillating u,erefore, a principal object of the invention to 

output, which IS m tuni coupled to the input of the 35 ^^^^ coMumptioii in charge pump systems, 
charge pump 14. ,«« • v ■ .v It is a further object of Ihe invention to provide a 

A typpl pnor art ^^^^^ ^^J^f ^^.^ novel loW-power ri^g oscillator configuration, 

Mh^^r^Sm°^th^i^;^t^a: " ^ each^ if tbts 

drain of transistors Ql and Q2 L coupled together to and an output. BoO. ^l^'^^^f^^^^^^ 

fonn the inverted X output at node 22 Power for the the same logic state to mvert the logic signal at the 
to™rtS is sSppHed by a source of positive voltage output of the mverter stage. No crossing- curr<«t flow^ 
VDofusilly five volte, at node 24. N^de 24 is also the 45 within the mverter stage if Ae mputt have different 
source of^sistor Ql. The source of transistor Q2 is logic states. The output^f each inverter stage Ui coup^^ 
Supled to ground or a second voltage source VSS at to the pnmary mput of a >";^f«^[,^^8^ '^J 

node 26. The exact values of the power supplies VDD senally-comiected nng fashion. ^« °"'P" °f 
and VSS are detennined by the level of logic swings "verter stage is coupled to the pnmary 'nP^t of « 
required and the physical dimensions of the transistors. SO mverter stage and forms an oscillaung agnaloutput^ 
^ong other factors which is coupled to the charge pump. The secondary 

Another prior art inverter stage 100' is shown in the iiiput of each stogeb coupled to the output of « preced- 
schematic diagram of FIG. 3. Inverter stage 100' again ing inverter stage. The pr««dmg mverter precedes the 
includes P-channel transistor Ql and an N-channel tran- current inverter by an odd mteger greater or equal to 
sistor Q2, and in the same configuration, except for the 55 three. The ring oscfflator mcludes a transistor coupled 
source connections. The source of transistor Ql is cou- to the output of each mverter stage for unpressing an 
pled through an additional P-channel load transistor Q3 initial pattern of alteniatmg logic levels to begm the 
to VDD, while the source of transistor Q2 is coupled oscillation. 

through an additional N-channel load transistor to VSS. In the preferred embodiment, each mverter suge 
The extra transistors of inverter stage 100* enable the 60 includes fmt and second P-channel transistors and fcst 
designer to adjust channel dimensions for minimum and second N-channd transistors coupled m senes be- 
parasitic output capacitance at node 22. For example, tween first and second sources of supply voltage. The 
the channel length of transUtors Q3 and Q4 can be made gates of the first P-channel and N-channel transBtors 
quite large, minimizing power requirements and de- are coupled together to fonn the pnmary mput, and the 
creasing inverter gain. The channel width and length of 65 drains of the first P-channel and N-channeltransistors 
transistors Ql and Q2 can be made quite small to mini- being coupled together to form the output. The gates of 
mize parasitic drain capacitance. Transistor Q3 is biased the second P-channel and N-channel transistors are 
on with bias voltage VBIASl at node 27, while transis- coupled together to form the secondary mput. If de- 
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sired, the inverter further can include high channel coupled to a first source of bias voltage VBIASl. The 

resistance first and second transistor loads. The resis- value of the first bias voltage is set to VDD~Vr;>+A, 

tance of each transistor load is determined through the wherein Vjy is the threshold voltage of the load P- 

use of appropriate gate bias voltages. channel transistor Q3, and A is a predetermined incre- 

The foregoing and other objects, features and advan- 5 mental voltage. The incremental voltage is set to 

tages of the invention will become more readily appar- slightly bias load transistor Q3 to a high-resistance (low 

ent from the following detailed description of a pre- current) operating point. Similarly, the N-channel load 

ferred embodiment of the invention which proceeds transistor Q4 is optional but desirable for decreasing 

with reference to the accompanying drawings. inverter gain. Load transistor Q4 has a source coupled 

10 to VSS, a drain coupled to the source of the second 

BRIEF DESCRIPTION OF THE DRAWINGS N-channel transistor Q6, and a gate coupled to a second 

FIG. 1 is a simplified block diagram of a prior art source of bias voltage VB1AS2. The value of the second 

charge pump system including a ring oscillator and a bias voltage is set to VSS + V rA'-f A, wherein V tn'is the 

charge pump. threshold voltage of the load N*channel transistor Q4, 

FIGS. 2-3 are schematic diagrams of prior art invert- 15 and A is a predetermined incremental voltage. The 

ers used in the ring oscillator of FIG. 1. incremental voltage is set to bias load transistor Q4 at 

FIG. 4 illustrates the oscillating waveform provided the high-resistance operating point, which need not 

by the ring oscillator of FIG. 1. necessarily be the same as for load transistor Q3. 

FIG. 5 is a schematic diagram of an inverter for use in For normal CMOS logic levels, the value of the first 

a ring oscillator according to the present invention. 20 source of supply voltage, VDD, is about five volts and 

FIGS. 6-8 are block diagrams of three embodiments the value of the second source of supply voltage, VSS, 

of charge pump systems according to the present inven- is about zero volts. These values can change, especially 

tion. if high^ensity, sub-micron transistor geometries are 

FIG. 9 illustrates the oscillating waveforms provided used. For example, if submicron geometries are used, 

by the charge pump system shown in FIG. 6. 25 VDD is typically set to 3.3 volts to reduce electric field. 

FIG. 10 illustrates the oscillating waveforms pro- Other values of VDD and VSS can be used to accom- 

vided by the charge pump system shown in FIG. 7. modate non-standard CMOS logic levels. Depending 

, upon the application, VDD can have a range of voltage 

DETAILED DESCRIPTION ^^^^en two and six volts. 

Referring now to FIG. 5, an inverter stage 200 used 30 A first embodiment of a ring oscillator 12A for use in 
in the ring oscillator of the present invention inverts the a charge pump system lOA is shown in FIG. 6. Ring 
logic signal at the output node 22 if both the primary oscillator 12A includes an odd number of inverter 
and secondary inputs 20 and 21 are switched from a first stages 201-213 each having a primary A input, a sec- 
logic state to a second logic state. The inverter stage 200 ondary B input, and an X output. Thirteen inverter 
inhibits crossing-current (current flow between VDD 35 stages are shown in FIG. 6, but any odd number can be 
and VSS) if the primary and secondary inputs 20 and 21 used. The X output of each inverter stage 201-213 is 
are at different logic states. In operation, if inverter 200 coupled to the primary A input of a following inverter 
is switched from a condition wherein the primary and stage in a serially-connected ring fashion. The X output 
secondary inputs are at different logic states to a condi- of the last inverter stage 213 is coupled to the primary A 
tton wherein the primary and secondary inputs are at 40 input of the first inverter stage 201, which forms an 
the same logic state, current can only flow into or out of 'oscillating signal output coupled to charge pump 14. 
the load, and no zero crossing current flows within the The output 16 of charge pump 14 provides the negative 
inverter. bias voltage for biasing the substrate of an integrated 

Inverter stage 200 includes a first P-channel transistor circuit containing the charge pump system lOA. The 

QlandafirstN-channel transistor Q2. The gates of the 45 secondary B input of each inverter stage 201-213 is 

first P-channel and N-channel transistors Ql and Q2 are coupled to the X output of an Mth preceding inverter 

coupled together to form the primary "A" input at node stage, wherein M is an odd integer greater or equal to 

20. The drains of the first P-channel and N-channel three. In the ring oscillator 12A of FIG. 6, M is equal to 

transistors Ql and Q2 are coupiled together to form the three. Thus, the secondary B input of inverter stage 208 
"X" output at node 22. A second P-channel transistor 50 is coupled to the X output of inverter stage 205. Simi- 

Q5 has a drain coupled to the source of the first P-chan- larly, the secondary B input of inverter stage 207 is 

nel transistor Ql, and a source coupled (through P- coupled to the X output of inverter stage 204. Since the 

channel load transistor Q3) to the supply voltage VDD. inverter stages 201-213 are coupled in a ring fashion, all 

A second N-channel transistor Q6 has a drain coupled inverter stages are similarly coupled. For example the 

to the source of the first N-channel transistor Q2, and a 55 secondary B input of inverter stage 201 is coupled to the 

source coupled (through N-channel load transistor Q4) X output of inverter stage 211. 
to the supply voltage VSS. The gates of the second The operation of ring oscillator 12A is best seen in 

P«channel and N-channel transistors Q5 and Q6 are FIG. 9. The solid waveform is the square wave formed 

coupled together to form the secondary "B" input at by the ring oscillator. The N-1 waveform represents 

node 21. - the wavefront at an (N-l)th inverter stage output. 

The P-channel load transistor Q3 is optional, but is (primary A input to an Nth inverter stage) and the N— 3 

desirable for decreasing the gain of inverter stage 200. waveform represent the wavefront at an (N— 3)th in- 
Decreasing the gain of the inverter stage 200 allows the verter stage output (secondary B input to the Nth in- 
oscillating frequency of the ring oscillator 12 to slow verter stage). Recalling the operation of an inverter 
down without an excessive capacitive load, which 65 stage 200 described previously and shown in FIG. 5, 

would increase operating current. Load transistor Q3 when the N— 3 waveform (B . input) is at a logic high 
has a source coupled to VDD. a drain coupled to the level and the N- 1 waveform (A input) is at a logic low 
source of the second P-channel transistor Q5, and a gate level, there is no current flow within the inverter stage. 
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When the N-3 and N-1 wavefonns have both where the oscillating waveform has extremely long rise 
reached the logic high level, current flows from the and fall times due to the nature of the devices used, 
output into N-channel transistors Q2 and Q6 from the parasitic capacitance, and other factors. In the final 
load (the input of the succeeding inverter stage), and the analysis, the exact configuration of the ring oscillator 
output of the inverter changes logic state. However, 5 should be tailored to the characteristics of the oscillat- 
P-channel transistors Ql and Q5 are both ofT and there- jng output waveform. The rise and fall time can be 
fore no undesirablie crossing-current can flow from measured and a corresponding odd M number selected 
VDD to VSS. for proper A and B input timing such that no crossing- 

An alternative embodiment, ring oscillator 12B is current can flow, 
shown in FIG. 7 in which M is equal to five. The sec- 10 operation of ring oscillators lOA-lOC has pro- 

ondary B input of inverter stage 208 is coupled to the X ceeded with an analysis of the rise time. It is apparent to 
output of inverter stage 203. Similarly, the secondary B ^y^^^^ gj^Ugd ^he art that the analysis of the fall time 
input of inverter stage 207 is coupled to the X output of portion of the waveform is very similar and need not be 
inverter stage 202. As in the previous embodiment, explicitly conducted. The same elimination of zero 
inverter stages 201-213 are coupled in a ring fashion, 15 ^^ossing current occurs during the fall time of the oscil- 
and therefore all inverter stages are similariy coupled. output waveform 

Thus, the secondary B input of inverter stage 201 is ^ desirable to include in ring oscillators lOA-lOC 

coupled to the X output of inverter stage 209, providing initial voltage conditions at the 

^x3?'.nP^^vT" 'l^^ '1 output of each of the inverter stages 201-213. A single 

^^^1t- J^" ^ '^*''^^''™ ? P?."'"'' T P-channel or NK:hannel transistor can be coupled be- 

atanO^-l)thmverterstageoutputG>n^^ ^^^^ VI^I^ An initial 

an Nth mverter stage) and the N-5 waveform repre- '^J^ alternating logic levels is then loaded at the 
sents the wavefront at an (N-5)th mverter stage output paucm uuciuaui 5 6 .u^^^f...^ ^^«.«:«^nHmaiw 
(secondary B input to the Nth inverter stage). The N-3 gates of each transistor, ^^^l^^^f^^^^^^^ 
waveform reprints the wavefront at an (N-3)th 25 '"^^^^^^ 

inverter stage output that is not coupled in any way to established, the transistor ^^^^^^'^^.^^^^^ ™f 
the current or Nth inverter stage. When the N-5 oscillator can be activated. Other imtial condm^^^^ 
waveform (B input) is at a logic high level and the N- 1 terns can be used, and other means for establishmg those 
waveform (A input) is at a logic low level, there is no patterns can also be used. 

current flow within the inverter stage. When the N-5 30 Having described and illustrated the pnnciples of the 
and N- 1 waveforms have both reached the logic high invention in a preferred embodunent thereof, it is appar- 
level, current flows from the ouq)ut into N<:hannel cnt to those dtilled in the art that the mvcntion can be 
transistors Q2 and Q6 from the load, and the output of modified in arrangement and detaU without dq)arting 
the inverter changes logic state. As in the previous from such principles. 

embodiment, P-channel transistors Ql and Q5 are both 35 I therefore claim all modifications and variation com- 
qff and no undesirable crosang-current can flow from ing within the spirit and scope of the following claims: 
VDD to VSS. 1. A ring oscillator for use in a charge pump compris- 

The embodiment of FIG. 7 is desirable for ring oscil- ing N inverter stages each having a primary input, a 
lators having long rise and fall times on the leading and secondary input, and an output, wherein N is an odd 
trailing edges of the oscillating output waveform. Re- 40 integer, 

ferring again to FIG. 10, it can be seen that the N— 3 the output of each inverter stage is coupled to the 
waveform is not appropriate for switching the Nth primary input of a following inverter stage in a 

inverter stage. If the N - 3 waveform is used, a period of serially-connected ring fashion such that the output 

time will exist wherein all transistors in the inverter of a last inverter stage is coupled to the primary 

stage are biased on, leading to undesirable crossiiig-cur- 45 j^p^ ^ mverter stage and forms an oscillat- 
rent similar to that described in conjunction with the jj^g signal output, and 

prior art inverter stages 100 and 100' shown in FIGS. 2 secondary input of each stage is coupled to the 

and 3. Note that the N-5 waveform is at a logic high output of an Mth preceding inverter stage, wherein 

level prior to the point at which the N- 1 waveform M is an odd integer greater or equal to three, 

begins to switch. No period of time exists m which all 50 ^ a ring oscillator as in claim 1 in which M is equal 
inverter stage transistors are biased on and therefore no thiGC, 

crossing-current can flow. 3. A ling oscillator as in claim 1 in which M is equal 

The above operation can be further extended depend- ^ ° 
ing upon the rise and fall time of the ring oscillator. For ' ' ^^^or as in chiim 1 in which M is equal 

example, a nng oscillator IOC m which M is equal to 55 •"•'^^ ^ 

seven is shown in FIG. 8. The secondary B mp^^^^^^ | ^ j comprising 

inverter stage 209 is coupled to the X output of mverter ^ . , . . • „«itac,A ^v^t^Hitinnc »t the 

stage 202. Similarly, the secondary B input of inverter ni«ms for providing J^^g^ ^ 
stage 208 is coupled to the X output of inverter stage output of each of the mverter stages 
201 As in the previous embodiment, inverter stages 60 ^ A nng oscillator as m claim ^ j^^r comp^^^^ 
201-213 are coupled in a ring fashion, and therefore all means for mipressmg an mitial pattern of altematmg 
inverter stages are similarly coupled. The secondary B logic levels at the outputs of the mverter stages, 
input of inverter stage 201 is coupled to the X output of 7- A ring oscillator as m claim 1 m which each m- 
inverter stage 207. The operation of ring oscillator IOC verter stage comprises: 

is very similar to that of ring oscillators lOA and lOB 65 means for inverting the logic signal at the output if 
described above, and whose output waveforms are both the primary and secondary inputs are 

shown in HGS. 9 and 10. The only difference is that it switched from a first logic state to a second logic 

may be desirable to use ring oscillator IOC in those cases state; and 
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means foir inhibiting zero crossing current if the pri- 
mary and secondar>' inputs are at different logic 
states. 

8. A ring oscillator as in claim 1 in which each in- 
verter stage comprises: 

a first P-channel transistor having a gate, a drain, and 
a source; 

a first N-channel transistor having a gate, a drain, and 
a source, the gates of the first P-channel and N- 
channel transistors being coupled together to form 
the primary input, and the drains of the first P- 
channel and N-channel transistors being coupled 
together to form the output; 

a second P-channel transistor having a gate, a drain 
coupled to, the source of the first P-channel transis- 
tor, and a source coupled to a first source of supply 
voltage; 

a second N-channel transistor having a gate, a drain 
coupled to the source of the first N-channel transis- 
tor; and a source coupled to a second source of 
supply voltage, the gates of the second P-channel 
and N-channel transistors being coupled together 
to form the secondary input. 

9. A ring oscillator as in claim 8 in which the inverter 
further comprises: 

a first load interposed between the source of the sec- 
ond P-channel transistor and the first source of 
supply voltage; and 

a second load interposed between the source of th^ 
second N-channel transistor and the second source 
of supply voltage. 

10. A ring oscillator as in claim 9 in which the first 
load comprises a third P-channel transistor having a 
source coupled to the first source of supply voltage, a 
drain coupled to the source of the second P-channel 
transistor, and a gate coupled to a first source of bias 
voltage. 

11. A ring oscillator as in claim 10 in which the value 
of the first bias voltage is set to VDD— Vtp+A, 
wherein VDD is the value of the first source of supply 
voltage, Vtp is the threshold vohage of the third P- 
channel transistor, and A is a predetermined increihen- 
tal voltage. 
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12. A ring oscillator as in claim 9 in which the second 
load comprises a third N-channel transistor having a 
source coupled to the second source of supply voltage, 
a drain coupled to the source of the second N-channel 

5 transistor, and a gate coupled to a second source of bias 
voltage. 

13. A ring oscillator as in claim 12 in which the value 
of the second bias vohage is set to VSS-f Vnv+A, 
wherein VSS is the value of the second source of supply 

10 voltage, Vttv- is the threshold voltage of the third N- 
channel transistor, and A is a predetermined incremen- 
tal voltage. 

14. A ring oscillator as in claim 8 in which the value 
of the first source of supply voltage ranges from about 

1 5 two volts to six volts and the value of the second source 
of supply voltage is about zero volts. 

15. A method of generating an oscillating signal tjiat 
minimizes power consumption due to zero-crossing 
current, the method comprising the steps of: 

20 ' providing a ring oscillator for use in a charge pump 
including N inverter stages each having a primary 
input, a secondary input, and an output, wherein N 
is an odd integer; 
coupling the output of each inverter stage to the 

25 primary input of a following inverter stage in a 
serially-connected ring fashion; 
coupling the output of a last inverter stage to the 
primary input of a first inverter stage to form an 
output for generating the oscillating signal; and 

30 coupling the secondary input of each stage to the 
output of an Mth preceding inverter stage, wherein 
M is an odd integer greater or equal to three. 

16. The method of claim 15 further comprising the 
step of setting M equal to three. 

35 17. The method of claim 15 further comprising the 
step of setting M equal to five. . 

18. The method of claim 15 further comprising the 
step of setting M equal to sevqi. 

19. The method of claim 15 further comprising the 
40 step of providing initial voltage conditions at the output 

of each of the inverter stages. 

20. The method of claim 15 further comprising the 
step of impressing an initial pattern of alternating logic 
levels at the outputs of the inverter stages. 
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[57] ABSTRACT 

The present invention provides a high frequency 
CMOS voltage controlled oscillator circuit with gain 
constant and duty cycle compensation. The voltage 
controlled oscillator circuit includes a multi-stage ring 
oscillator that includes a plurality of series-connected 
inverter stages comprising N-channel and P-channel 
transistors. The ring oscillator responds to a control 
current signal for controlling the frequency of oscilla- 
tion of the ring oscillator. A voltage-to-current con- 
verter converts a tuning voltage input signal to a corre- 
sponding output current signal that is independent of 
the channel strength of the N-channel and P-channel 
transistors. Process cpmpensation circuitry responds to 
the tuning voltage input signal to provide a current 
dump output signal corresponding to the channel 
strength of the P-channel and N-channel transistors. 
Tnp-point compensation circuit provides a net ring 
current signal as the current control signal to the ring 
oscillator. The net ring current signal represents the 
difference between the output current signal and the 
current dump output signal and responds to the balance 
between the output buffer trip point and a ring oscilla- 
tor dummy stage. 

4 Qaims, 8 Drawing Sheets 
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NPN transistors. It achieves frequency control by vary- 

HIGH FREQUENCY CMOS VCO WITH GAIN ing the applied voltage across the ring oscillator stages. 

CONSTANT AND DUTY CYCLE COMPENSATION The VCO utilized by Ware is based on a ring of three 

inverting amplifiers. 

BACKGROUND OF THE INVENTION 5 Yousefi. "14 MHz-100 MHz CMOS PLL Based Fre- 

1 Field of the Invention quency Synthesizer IC'\ describes a PLL design where 

The preseiit invention relates to voltage-controlled the VCO gain constant compensation depends upon the 

oscillators and, in particular, to methods and apparatus use of an external resistor. 

for obtaining a variable clock frequency having a well- U.S. Pat. No. 4,876.519. issued on Oct. 24, 1989 to 

controlled output range and duty cycle over varying ^® Craig M. Davis and Richard R. Rasmussen, and com- 

temperature. process and supply voltage. monly assigned herewith, discloses a PLL implementa- 

2. Discussion of the Prior Art tion in emitter-coupled-logic (ECL) technology. Al- 

As shown in FIG. 1, a basic phase-locked loop (PLL) though the Davis/Rasmussen design provides signifi- 

system 10 includes three essential elements— a phase cant advantages, its Bipolar/CMOS process require- 

detector 12. a loop filter 14 and a voltage-controlled ment prohibits its use in some applications, 

oscillator (VCO) 16— interconnected to form a feed- It would, therefore, be desirable to have available a 

back system. The phase detector 12 compares the phase CMOS-based PLL that features good VCO frequency 

of the input signal V^t) with the output frequency Vo(t) control, gain control and duty-cycle characteristics 

of the VCO 16 and generates an error voltage V^^t) without using external components, 

corresponding to the difference. The error voltage sig- 20 ^ «x/ -^ot Tvi^/r^vT^T^vt 

nal V^t) is then filtered by the loop filter 14 and applied SUMMARY OF THE INVENTION 

to the control terminal of the VCO !6 in the form of an The present invention provides a high frequency 

error voltage V^t) to control its frequency of oscilla- CMOS voltage controlled oscillator circuit with gain 

tion. constant and duty cycle compensation. The voltage 

The VCO 16 is the most critical element of the PLL 25 jj^ntrolled oscillator circuit includes a multi-stage ring 

system 10. The tuning slope, that is, the output fre- oscillator that includes a plurality of series-connected 

quency VM dependence on control voltage V«(tX is inverter stages comprising N-channel and P-channel 

determined by the conversion gam constant Kvco of transistors. The ring oscillator responds to a control 

the VCO 16. Similarly, the Imeanty of the voltage-to- ^^^^^^ ^^g^^, controlling the frequency of oscilla- 

frequency conversion characteristics ofthe PLL system 30 ^.^^ oscillator. A voltage-to-current con- 

10 is determmed solely by the hn^^^^ of the control ^^^^ ^^^^^^^ ^ ^ , ^ ^^^^^ 

charactenstics of the VCO 16 mis the stability and ^ ^^^^^ independent of 

control charactenstics of the VCO 16 are key design ^^^^^^^ ^ Nn^hannel and P-channel 

must be immune to on-chip and off-chip noise%ources. '^^'^^^ ^^^^g^ ^^^nal to provide a curren 

If it is not. then its output V^t) wUl exhibit short-term ^""'P^^^Ti Tu ''''^^^''1 ' 

frequency instability. oV jitter Maintaining a low VCO ^^e P-channel and N-channel transistors. 

gainconstantK«oisonemethodofreducingnoisesensi. Tnp-pomt compensation circuit pi-ovides a net ring 

fivity. The required operating frequency for conven- 40 current signa^ as the current control signal to the nng 

tional VCOs ranges from a few MHz to beyond 200 oscillator. The net nng current signal represents the 

MHz. Tuning ranges up to 2 to 1 are also required. To difference between the output current signal and the 

be easily compatible with 5 V power supply constraints current dump output signal. ^ 

and minimum phase detector/charge pump solutions. A better understandmg of the features and advan- 

the tuning voltage should be approximately 1.5 V to 45 tages of the present mvention will be obtained by refer- 

(Vcc— 15 V) ^^^^ following detailed description and accompa- 

As stated above, the VCO gain constant K|«, must be nying drawings which set forth an Ulustrative embodi- 

well controlled so that loop filtering schemes are pre- ment in which the foregoing features of the invention 

dictable and stable. This is especially important in data ^^e utilized. 

acquisition and mass storage applications such as disk 50 DESCRIPTION OF THE DRAWINGS 
controllers and constant density recording. At higher 

output frequencies, the duty cycle is also critical. FIG- 1 » a block diagram illustrating the basic ele- 

In many applications, the process of choice for VCO ments of a conventional phase-locked loop (PLL). 

design has been complementary-metal-oxide-semicon- FIG- 2 is a block diagram illustrating an embodiment 

ductor (CMOS) technology. However, previous 55 of voltage-controlled oscillator (VCO) in accordance 

CMOS VCO designs have been greatly affected by with the present invention. 

process variations, which can cause large changes in the FIG. 3 is a schematic diagram illustrating an embodi- 

VCO gain constant K«o, and/or have required external ment of a V/I converter utUizable in the VCO shown in 

trimming components. External trimming adds pins and FIG. 2. 

cost to the PLL chip and provides an antenna through 60 FIG. 4 is a schematic diagram illustrating an embodi- 

which noise can be coupled into the sensitive analog ment of ring trip-point compensation circuitry together 

sections of the chip. with a conventional ring oscillator utilizable in the 

One example of a high frequency CMOS phase- VCO shown in FIG. 2. 
locked loop is described by Ware et al, "a 200 MHz FIG. 4A is a schematic diagram illustrating a general- 
CMOS Phase-Lock-Loop with Dual Phase Detectors**, 65 ized representation of the FIG. 4 circuit. 
IEEE Transactions on Solid State Circuits, May 10, FIG. 5 is a schematic diagram illustrating an embodi- 
1989. The Ware et al PLL features a VCO that requires ment of process compensation circuitry utilizable in the 
the use of a bandgap regulator that relies on parasitic VCO shown in FIG. 2. 
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FIG. 5A is a plot of control current to the ring oscil- 
lator versus tuning voltage. 

FIG. 6 is a graph illustrating VCO frequency versus 
process and operating conditions for a VCO in accor- 
dance with the present invention. 5 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 2 shows a block diagram of a CMOS voltage- 
controlled oscillator (VCO) 20 with gain constant and lO 
duty cycle compensation in accordance with the pres- 
ent invention. 

VCO 20 includes a voltage-to-current V/I converter 
22 with gain Gm that amplifies input signal V/n to cur- 
rent mirror and trip-point compensation circuitry 24. 15 
The outputs of the trip-point compensation circuitry 24 
are provided to a CMOS ring oscillator 26. The selected 
phase signal of the ring oscillator 26 is provided as the 
VCO output via an output buffer 28. 

In accordance with the present invention, the VCO 20 
20 includes process and temperature compensation for 
the V/I converter 22 and process compensation for the 
trip-point circuitry 24. Duty cycle compensation for 
both the trip-point balance circuitry 24 and the output 
buffer 28 is derived from matching devices within these 25 
two circuit elements. 

An embodiment of a V/I converter 22 utilizable in 
the VCO 20 is shown in greater detail in FIG. 3. 

In the FIG. 3 V/I converter circuit 22, tuning voltage 
input signal Vm is provided to the inverting input of 30 
operational amplifier OPAMPl. The non-inverting 
input of op amp OPAMPl is connected to the drain of 
P-channel transistor P4 which is driven by the output of 
op amp OPAMPl. A second operational amplifier 
OPAMP2 drives N-channel sense transistor Nl, which 35 
has its source connected to an output node A. The 
non-inverting input of op amp OPAMP2 is connected 
to the drain of P-channel sense transistor P4 via internal 
current control resistor Rl. The inverting input of op 
amp 0PAMP2 is connected to receive a Vdd driver 40 
stage output, the driver stage comprising three series- 
connected, P-channel transistors PI, P2 and P3 which 
are connected between a supply voltage V/)i> and 
ground. An N-channel output mirror transistor N2 is 
connected between the output node A and ground. 45 

Thus, the output current at node A of the V/I con- 
verter 22 is controlled by forcing the bottom side of 
resistor Rl to Vx>/>/3 and the top side of resistor Rl to 
V/fl. The output current is, therefore, 

50 

. Vtn-iypD/y) 

RI 

and is relatively independent of supply y/>i)and its only 
process sensitivity is the tolerance of the internal resis- 55 
tor Rl. The transconductance slope is totally indepen- 
dent of supply Vdd- 

Resistor Rl can also be an external component for 
even greater accuracy. In this case, both external con- 
nections are floating above ground and external noise 60 
can be made common-mode. 

The current at node A is then mirrored into the ring 
oscillator 26, as described below. 

An embodiment of current mirror and ring trip-point 
compensation circuitry 24 is shown in greater detail in 65 
FIG. 4. 

Trip-point compensation is desirable in order to main- 
tain symmetric VCO output waveforms as the process 
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varies. For example, when the process tends toward 
weak N-channel and strong P-channel transistors, the 
resultant VCO output waveform will have a higher 
duty cycle than when the N-channel and P-channel 
transistor strengths are well matched. 

The FIG. 4 circuit includes a differential stage, com- 
prising N-channel transistors N4 and N5, that allows the 
total ring oscillator current from the V/I converter 22 
to be shared as process shift demands. Thai is, as the 
P-channel transistors of the VCO get weaker because of 
process variation, the self-biased inverter (transistors 
PIO and N8) voltage in the FIG. 4 circuit will tend to 
drop, forcing more current to be steered through input 
transistor N4 and then mirrored from P-channel transis- 
tor P6 to P-channel current sensing transistors P9, Pll. 
P13 and P15. Similarly, when the N-channel transistors 
get weaker, more current is steered through P-channel 
input transistor P7 and mirrored into transistors PS and 
N7 and current sensing transistors N9, Nil, N13 and 
N15. 

As further shown in FIG. 4, the ring trip-point com- 
pensation circuitry includes a dummy inverter stage 
(transistors PIO and N8) that is identical in form to the 
three inverter stages (P12/N10, P14/N12 and P16/N14) 
of the ring oscillator. 

The ring oscillator is a standard design having an 
output frequency equal to 1/6T, where T is the propa- 
gation delay of an inverter (P12/N10, P14/N12, 
P16/Nt4). 

From the above description, those skilled in the art 
will recognize that the FIG. 4 circuitry can be more 
generally illustrated as shown in FIG. 4A. That is, as 
shown in FIG. 4A. the amplified V/I converter control 
input received from buffer Gm drives a first current II. 
The current dump from the process compensation cir- 
cuitry drives a second current source 12. The net ring 
oscillator current equals the V/I current II minus the 
process compensation current 12. 

As shown in FIG. 4, the compensation circuit 24 uses 
a self-biased inverter 30 comprising P-channel transistor 
P5 and N-channel transistor N3 to drive the ring oscilla- 
tor bias such that the resultant oscillation is also 
matched with the output buffer GL Output buffer GI 
ampUfies and squares the ring oscillator signal. 

An embodiment of process compensation circuitry is 
shown in detail in FIG. 5. 

The process compensation circuit maintains a con- 
stant frequency tuning range over process variations 
such as transistor threshold voltage, transconductance 
and source/drain capacitance. It also compensates for 
externally induced variations, such as temperature and 
supply voltage V/j/). 

As shown in FIG, 5, a Voo voltage splitter stage 
consisting of P-channel transistors P17, P18 and P19 
sets up a Vi}i>-dependent gate bias on P-channel transis- 
tor P20 and N-channel transistor N20. As P-channel 
strength increases, the currents in N-channel sensing 
transistors N16 and N17 increase proportionally. Like- 
wise, as N-channel strength increases, the current in 
N-channel sensing transistor N20 increases. The P- 
channel and N-channel strength-dependent currents 
sum to become the tail current in the differential stage 
comprising N-channel transistors N18 and N19, which 
is part of a Kkco compression network. Thus, as the 
tuning voltage V/„ applied to input transistor N19 in- 
creases, so does the current in P-channel transistor P22 
and P-channel mirror transistor P23. This current 
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dumps into the trip)-point compensation circuit 24 and 
effectively "steals" current away from the ring oscilla- 
tor, thereby maintaining a constant output frequency. 
Since the ''stolen** current is proportional to the tuning 
voltage V/n, the VCO gain constant Kvco is further 5 
compressed. 

This concept is further illustrated in the FIG. 5A plot 
of control current Iring to the ring oscillator versus tun- 
ing voltage V/rt, As shown in FIG, 5A, the current Iring 
supplied by the V/I converter circuit (FIG. 3) rises 10 
from zero When V/n equals the slope of the 

curve being dependent on the value of resistor RI. As 
stated above, as process strength varies, the slope of the 
V/I converter output remains constant. Thus, without 
current trimming, the net ring current will not be pro- 15 
cess dependent. With current trimming provided in 
accordance with the present invention, ring current 
Iring is controlled over a widened range of tuning volt- 
ages V/yv. 

FIG. 6 provides a plot of VCO frequency versus 20 
process and operating conditions based on a SPICE 
simulation of the concepts of the invention described 
above for a 5 V integrated circuit under worst case 
operating conditions. The simulation indicates that 
VCO gain constant (Kyco) compression of approxi- 25 
mately 2:1 is possible. Conventional VCO designs ex- 
hibit gain constant compression of 3.5:1 or more. 

It should be understood that various alternatives to 
the embodiments of the invention described herein may 
be employed in practicing the invention. It is intended 30 
that the following claims defme the scope of the inven- 
tion and that methods and apparatus within the scope of 
these claims and their equivalents be covered thereby. 

What is claimed is: 

1. A voltage controlled oscillator circuit comprising: 35 

(a) multi-stage ring oscillator means that includes a 
plurality of series-connected inverter stages com- 
prising N-channel and P-channel transistors, the 
ring oscillator means responsive to a control cur- 
rent signal for controlling the frequency of oscilla- 40 
tion of the ring oscillator means; and 

(b) voltage-to-current converter means for convert- 
ing a tuning voltage input signal to a corresponding 
output signal that is independent of the channel 
strength of the N-channel and P-channel transis- 45 
tors; 

(c) process compensation means responsive to the 
tuning voltage input signal for providing a current 
dump output signal corresponding to the channel 
strength of the P-channel and N-channel transis- 50 
tors; and 

(d) trip-point compensation means responsive to the 
output signal and the current dump output signal to 
provide a net ring current signal as the control 
current signal to the ring oscillator means, the net 55 
ring current signal representing the difference be- 
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tween the output signal and the current dump out- 
put signal and responding to the balance between 
the output buffer's input threshold and a ring in- 
verter dummy stage. 

2. A voltage controlled oscillator circuit as in claim 1 
wherein the voliage-to-current convener means com- 
prises: 

(a) supply voltage divider means connected between 
a supply voltage and ground for providing a volt- 
age driver output signal; 

(b) a first operational amplifier that receives the tun- 
ing voltage input signal at its inverting input; 

(c) a second operational amplifier that receives the 
voltage driver output signal at its inverting input; 

(d) a P-channel sense transistor having its gate con- 
nected to receive the output signal of the first oper- 
ational amplifier, its source connected to the supply 
voltage and its drain connected both to the non- 
inverting input of the first operational amplifier and 
to the first side of a current control resistor; 

(e) a N-channel sense transistor having its gate con- 
nected to receive the output signal of the second 
operational amplifier, its drain connected both to 
the non-inverting input of the second operational 
amplifier and to the second side of the current 
control resistor, and its source connected to an 
output node that provides the output current sig- 
nal; and 

(0 a N-channel output mirror transistor having its 
drain and gate commonly connected to the output 
node and its source connected to ground. 

3. A voltage controlled oscillator circuit as in claim 1 
wherein the process compensation means comprises: 

(a) supply voltage splitter means connected between 
the supply voltage and ground for generating first 
and second bias voltage output signals; 

(b) channel strength sensing means responsive to the 
first and second bias voltage output signals for 
providing a tail current signal; and 

(c) gain constant compression means responsive to 
the tail current and to the tuning voltage input 
signal for providing current dump output signal 
corresponding to the tuning voltage input signal. 

4. A voltage controlled oscillator circuit as in claim 1 
wherein the trip-point compensation means comprises: 

(a) current steering means for steering the control 
current signal to the ring oscillator means depend- 
ing upon the channel strength of the N-channel and 
P-channel transistors; 

(b) an input node for providing the current dump 
output signal as tail current to the current steering 
means; and 

(c) a N-channel transistor connected between the 
input node and ground for providing the current 
input to the ring oscillator. 

* * « • « 
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[57] ABSTRACT 

An on-chip regulated substrate bias voltage generator 
for an MOS integrated circuit includes a ring oscillator 
(10) for developing a true signal and its complement. 
The signals are applied to a charge pump (12) that in- 
cludes two capacitors (CI and C2) and a plurality of 
rectifiers (22, 24, and 2€). The charge pump produces a 
substrate bias voltage (Vbb) which is supplied to the 
gate of a depletion*mode field-effect transistor (28) 
whose source receives a reference voltage (Vss)- The 
transistor forms part of a control circuit (14) coupled to 
the ring oscillator. In the N-channel case, the charge 
pumping action on the substrate drives the substrate 
bias negative until it reaches the sum of the reference 
voltage and threshold voltage of the depletion-mode 
transistor. This enables the control circuit to control the 
operation of the ring oscillator so as to regulate the 
substrate bias voltage. 

10 aaims, 1 Drawing Sheet 
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tor when the substrate bias tends to rise above the 
DEPLETION-MODE FET FOR THE REGULATION threshold voltage. The components of the invention 
OF THE ON-CHIP GENERATED SUBSTRATE operate in the same way when the depletion type tran- 
BIAS VOLTAGE sistor is a P-channel device except that the voltage 



BACKGROUND OF THE INVENTION 



polarities are reversed. 
BRIEF DESCRIPTION OF THE DRAWINGS 



This invention relates to on-chip generation of sob- . 

strata bias voltage for semiconductor integrated circuit The single FIGURE is a schematic diagram of a 

devices, and particularly by means for regulating the substrate bias voltage generator and regulating means 

substrate bias voltage. according to the invention. 

Some integrated circuits utilizing MOS (Metal Oxide DESCRIPTION OF THE PREFERRED 

Semiconductor) field effect transistors require a sub- EMBODIMENT 
strate bias to avoid unwanted conduction of parasitic 

junction diodes or parasitic MOS transistors. Substrate In the drawing there is shown a substrate bias voltage 
bias generators in common use generate the required generator and regulating means for NMOS which corn- 
bias from a charge pumping circuit that operates from prises a ring oscillator 10, a charge pump 12, and a 
the dc supply. Examples of some substrate bias genera- control circuit 14. The ring oscillator 10 includes an odd 
tors and charge pumps are disclosed in the following: number of inverter stages, such as three stages of invert- 
US. Pat No. 4,115,710 ers 16, 18, 20, for 'example, for generating_a^true signal 
U.K. patent application No. GB 2,028,553A <{» and its complement The signals <j) and <f> are rectan- 
U.K. patent application No. GB 2,001,494A gular in form and opposite in phase. The inverters 16, 
U.S. defensive publication No, T 954,006 20 may each comprise a MOS puU-down transistor 
Typically in the prior art circuits, the intent is to of the enhancement type coupled in series with a MOS 
pump sufficient charge into the substrate until the pull-up load transistor of the depletion type connected 
threshold voltage of a MOS transistor, either depletion ^ as a resistor by having its gate coupled in conmion to its 
or enhancement type, equals a predetermined value and source. Other means for generating the signals and'^' 
thereafte to maintain the threshold voltage at that besides the ring oscillator 10 may be used, the only 
value by controlling the charge pumping. Thus, while requirement being that the signals be recurring, rectan- 
the threshold voltage may remain substantiaUy fixed at ^ -^^ amplitude, and opposite in phase, 
the predetermined value, the substrate bias voltage is 30 . ^ . ^^^^j^ through capacitors 
allowed to vary over a wide range to compensate for ^2 to nodes B and C respectively of the charge 
other variable factors which may affect the threshold ^ ^j^^^^ ^^^^ ^ ^^^^^ 
voltage, such as operating temperature or process pa- {j^^'enhancement mode transistor 22, 24, and 26 con- 
'^^^^'^ 35 nected as diodes by having their respective gates cou- 
SUMMARY OF THE INVENTION pled in common to their drains. The transistors 22, 24, 

. ^ ^. . ^ • -J J 26 function as voltaee level shifters, as will be ex- 

Accordmg to the mvention, there is provided a regu- , . \ ^ ♦ ' 

lated substrate bias voltage generator for an integrated PlainedL The transistors 22, 24, 26 are connected m 

circuit that includesadepletion type field effect transis- senes between a reference source supply Vss. such as 
^^j, f ^ ground, and the node Vbb at which the substrate bias 

A reference voltage is supplied to the source of the voltage is generated. , . . 

transistor. Consider the ca^ in which the reference The substrate bias cpntrol circuit 14 comprises tiiree 

voltage is ground potential and the transistor is an N- transistors 28, 30 and 3Z The transKtors 28 and 30 are 

channel device. Means are provided for developing a depletion type and tiie transistor 32 is eidmcement 
substrate bias voltage that can be altered between a 45 type. The depletion type transistors 28 and 30 are con- 

value above and below the threshold voltage of the ^^ected in senes between reference source supply Vss 

depletion type field effect transistor. Means are also and positive dc supply V, such as +5 volte dc. The gate 

provided for applying the substrate bias to the gate of of puU-down transistor 28 is connected direcUy to the 

the depletion type transistor to render it non-conduct- substrate bias potential node \BB. thc source is con- 
ing when the gate voltage falls below the threshold 50 nected to reference source supply Vss, and the dram is 

voltage and to render it conducting when the gate volt- connected to node A which is common to the source of 

age equals or exceeds the threshold voltage. Furtiier, puU-up transistor 30 and the gate of enhancement tran- 

means are provided for coupling the transistor to the sistor 32. 

substrate bias generating means to increase tiie substrate The pull-up transistor 30 is connected as a resistor by 
bias when it falls below the threshold voltage of transis- 55 having its gate connected to ite source. Since the puU-up 

tor and to decrease the substrate bias when it equals or transistor 30 functions as load device, it may be replaced 

exceeds the threshold voltage of Uie transistor. by an enhancement type transistor or simply a resistor. 

In a specific embodiment of the invention a ring oscil- The source of enhancement transistor 32 is connected to 

lator is used to generate a true signal and its comple- reference source supply Vss and the drain is coupled to 
ment which are applied to a charge pumping means. 60 node D which is a common node in the feedback path 

The charge pumping means pumps charge from the betweentheinputof the first inverter 16 and the output 

substrate until the substrate bias equals or exceeds the of the final inverter 20. 

threshold voltage. The substrate bias is applied to the The operation of the substrate bias voltage generator 

gate of the depletion type field effect transistor which and regulating means will now be described. When the 
forms part of a control circuit coupled to the ring oscil- 65 supply voltage V is applied to the circuit, the substrate 

lator. The control circuit regulates the substrate bias by bias potential at node VsB is initially close to ground 

stopping the ring oscillator when the bias has reached potential As a result, the pull-down depletion transistor 

thethreshold voltage and by turning on the ring oscilla- 28 is in its low impedance or conducting state. By 
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choosing the impedance of pull-up depletion transistor The circuit of the invention may also be used for 
30 to be much larger than that of pull-down depletion PMOS by inverting the polarity of the supply voltages 
transistor 28, common node A is kept near ground po- Vss and V. 

tential. Although the best mode contemplated for carrying 

As a result of node A being low or at ground poten- 5 out the present invention has been shown and described, 
tial, the enhancement transistor 32 is in its high impe- it will be apparent that modification and variation may 
dance or non-conducting state and the ring oscillator 10. be made without departing jfrom what is regarded to be 
comprised of inverters 16, 18, 20 will be allowed to the subject matter of the invention, 
oscillate. Thus at the plates of the capacitors CI and C2, What is claimed is: 

the signal pulses ^ and ^ will appear as voltage swings 10 1. In an integrated circuit having a semiconductor 
of 0 to -f-5 volts and +5 volts to 0 respectively. substrate, a voltage generator for providing a substrate 

The 5 volt voltage swings on one side of each capaci- bias voltage for the substrate, the voltage generator 
tor will appear on the opposite side thereof as 4 volt comprising: 

swings, reduced by one volt because of parasitic capaci- a depletion-mode field-effect transistor having a 
tances at nodes B and C respectively. Due to the pres- IS source for receiving a reference voltage, a gate for 
ence of the trs^sistors 22,24, 26, a level shifting occurs receiving the bias voltage, and a drain; 

at nodes B, C, and Vsb- Thus when node B goes posi- a ring oscillator comprising an odd number of at least 
tive^ it will cause transistor 22 to conduct when the gate three inverters seriaUy arranged in a ring, the in- 

reaches its threshold potential, which is about 1 volt verters providing a pair of complementary signals 

positive relative to its source which is at ground poten- 20 that repetitively vary when the transistor is con- 
tial. The potential at node B thus can go no further ductive; 

positive than one threshold voltage drop above Vss. a charge pump responsive to the complementary 

At the end of the first half cycle of the signal pulse signals as they repetitively vary for pumping the 

when it goes negative, node B will change in the nega- bias voltage to a value (1) less than the sum of the 

tive direction by 4 volts, thus dropping from + 1 volt to 25 reference voltage and the threshold voltage of the 
—3 volts. transistor where it is N-channel type or (2) greater 

In similar fashion a 5 volt swing impos^ on c^citor than the sum of the reference voltage and the 

C2 by the complementary signal pulse 4> will be trans- threshold voltage of the transistor where it is P- 

lated to a 4 volt swing at node C which is equal and channel type: and 

opposite in phase to the 4 volt swing on node B. Since 30 means for stopping the oscillator from oscillating 
node C can go no further positive than one threshold when the transistor is non-conductive so that the 

voltage drop relative to node B, by virtue of conduction. bias voltage (1) increases where the transistor is 

of transistor 24, node C on its positive swing is limited N-channel type or (2) decreases where the transis- 

to — 2 volts. On its negative swing, therefore it will tor is P-channel type. 

change by 4 volts to a maximum of —6 volts. 35 2. A voltage generator as in claun 1 wherein the 

The 4 volt swing on node C is translated to a corre- means for stopping disables the oscillator in response to 
spending 4 volt swing at the drain of transistor 26, the voltage at the drain of the transistor when it is non- 
which is connected to the substrate bias node V^^. conductive. 

Thus, a voltage swing between —2 and —6 volts on 3. A voltage generator as in claim 2 wherein the 
node C would tend to be translated to a voltage swing, 40 means for stopping comprises a like-polarity enhance- 
unregulated between —1 and —5 volts at because ment-mode field-effect transistor having a source for 
Vjjis one threshold voltage drop above node C. How- receiving the reference voltage, a gate coupled to the 
ever, as the voltage at Vbb approaches — 3 volts, which drain of the depletion-mode transistor, and a drain cou- 
is the threshold voltage for the depletion transistor 28, pled to the oscillator. 

whose gate is tied to Vbs, the depletion transistor 28 45 4. A voltage generator as in claim 3 further including 
starts to go into its high impedance or cut-off state, and a load device coupled to the drain of the depletion- 
node A starts to charge towards the supply voltage V mode transistor. 

through transistor 30. S. A voltage generator as in claim 4 wherein the load 

When the potential on node A is high enough to device comprises a like-polarity resistively-connected 
switch transistor 32 into its low impedance or ON state, 50 depletion-mode field-effect transistor, 
then the potential on node A is held close to groimd 6. A voltage generator as in claim 4 wherein the load 
potential, thereby causing the ring oscillator 10 to stop device comprises a resistor. 

oscillating. The charge pumping action then stops and 7. A voltage generator as in claim 4 >yherein one of 
the potential on node Vss does not go further negative the complementary signals is provided from a node 
than - 3 volts. 55 between one pair of the inverters, the other of the com- 

Since all the reverse biased junction leakages on the plementary signals is provided from a node between 
chip are from various positively charged circuit nodes another pair of the inverters, and the drain of the en- 
to VsBf the potential on node Vbb will then start mov- hancement-mode transistor is coupled to a node be- 
ing positive until it causes transistor 28 to go into its low tween a pair of the inverters, 

impedance state once again. This in turn causes the 60 8. A voltage generator as in claim 2 wherein the 
potential on node A to drop, thus putting transistor 32 charge pump comprises: 

into its high impedance state. The ring oscillator starts a first rectifier having one end coupled to a voltage 
to oscillate again until the potential on Vbb is suffi- supply; 

cienUy negative to cause transistor 28 to go into its high a second rectifier having one end coupled to the other 
impedance state once more. The voltage regulation 65 end of the first rectifier so as to be forwardly in 
cycle repeats itself and results in a substrate bias voltage series therewith, the other end of the second recti- 

that is close to the depletion threshold voltage of tran- fier being coupled to a substrate node at which the 

sistor 28, which is very close to —3 volts. bias voltage is provided to the substrate; 
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a first capacitor having a pair of plates of which one 
is coupled to one end of the second rectifier and the 
other receives one of the complementary signals; 
and 

a second capacitor having a pair of plates of which 
one IS coupled to the other end of the second recti- 
fier and the other receives the other of the comple- 
mentary signals. 

9. A voltage generator as in claim 8 wherein the 



charge pump further includes a third rectifier forwardly 
coupled between the second rectifier and the substrate 
node. 

10. A voltage generator as in claim 9 wherein each 
rectifier is a lik&-polarity diode-connected field-effect 
transistor. 
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[57] ABSTRACT 

The present invention provides a high frequency 
CMOS voltage controlled oscillator circuit with gain 
constant and duty cycle compensation. The voltage 
controlled oscillator circuit includes a multi-stage ring 
oscillator that includes a plurality of series-connected 
inverter stages comprising N-channel and P-channel 
transistors. The ring oscillator responds to a control 
current signal for controlling the frequency of oscilla- 
tion of the ring oscillator. A voltage-to-current con- 
verter converts a tuning voltage input signal to a corre- 
sponding output current signal that is independent of 
the channel strength of the N-channel and P-channel 
transistors. Process cpmpensation circuitry responds to 
the tuning voltage input signal to provide a current 
dump output signal corresponding to the channel 
strength of the P-channel and N-channel transistors. 
Trip-point compensation circuit provides a net ring 
current signal as the current control signal to the ring 
oscillator. The net ring current signal represents the 
difference between the output current signal and the 
current dump output signal and responds to the balance 
between the output buffer trip point and a ring oscilla- 
tor dunmiy stage. 

4 Qaims, 8 Drawing Sheets 
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NPN transistors. It achieves frequency control by vary- 

HIGH FREQUENCY CMOS VCO WITH GAIN ' ing the applied voltage across the ring oscillator stages. 

CONSTANT AND DUTY CYCLE COMPENSATION The VCO utilized by Ware is based on a ring of three 

inverting amplifiers. 

BACKGROUND OF THE INVENTION 5 Yousefi, "14 MHz-100 MHz CMOS PLL Based Fre- 

1. Field of the Invention quency Synthesizer IC". describes a PLL design where 
The preseht invention relates to voltage-controlled the VCO gam constant compensation depends upon the 

oscillators and, in particular, to methods and apparatus "se of an external resistor. 

for obtaining a variable clock frequency having a well- ^ U.S. Pat. No. 4,876,519, issued on Oct. 24, 1989 to 
controlled output range and duty cycle over varying Craig M, Davis and Richard R. Rasmussen. and corn- 
temperature, process and supply voltage. monly assigned herewith, discloses a PLL implementa- 

2. Discussion of the Prior Art tion in emitter-coupled-logic (ECL) technology. Al- 
As shown in FIG. 1, a basic phase-locked loop (PLL) though the Davis/Rasmussen design provides signifi- 

system 10 includes three essential elements— a phase cant advantages, its Bipolar/CMOS process require- 

detector 12, a loop filter 14 and a voltage-controlled ment prohibits its use in some applications, 

oscillator (VCO) 16 — interconnected to form a feed- It would, therefore, be desirable to have available a 

back system. The phase detector 12 compares the phase CMOS-based PLL that features good VCO frequency 

ofthe input signal Vj(t) with the output frequency Vo(t) control, gain control and duty-cycle characteristics 

of the VCO 16 and generates an error voltage VdiX) without using external components, 

corresponding to the difference. The error voltage sig- 20 owtmmapv nP thp tntvpntthn 

nal V^t) is then filtered by the loop filter 14 and applied SUMMARY OF THE INVENTION 

to the control terminal of the VCO !6 in the form of an Yhe present invention provides a high frequency 

error voltage Ve(t) to control its frequency of oscilla- CMOS voltage controlled oscillator circuit with gain 

tion. constant and duty cycle compensation. The voltage 

The VCO 16 is the most critical element of the PLL 25 ^^QntrQUed oscillator circuit includes a multi-stage ring 

system 10. The tuning slope, that is, the output fre- oscillator that includes a plurality of series-connected 

quency Va(t) dependence on control voltage Ve(t), is inverter stages comprising N-channel and P-channel 

determined by the conversion gain constant K j^co of transistors. The ring oscillator responds to a control 

the VCO 16. Similarly, the linearity of the voltage-to- ^^^^^^^ ^-^^^^ controlling the frequency of oscilla- 

frequency conversion characteristics ofthe PLL system 30 ^.^^ oscillator. A voltage-to-current con- 

10 is detennined solely by the himtations of the control ^^^^^ converts a tuning voltage input signal to a corre- 

charactenstics of the VCO 16 Thus the stability and ^ ^^^^^^^ j ^j^^^ independent of 

control characteristics of the VCO 16 are key design ^^^^^^^ ^ N^rhannel and P-channel 

P^!!^^'^;^}^'f^^^ , , . „ transistors. Process compensation circuitry responds to 

The VCO 16. which ^ basically an analog circuit, 35 ^ J 

must be immune to on-chip and ofT-chip noise sources. '"^ luimie vwna^^ « h ^ . *u u i 

If it is not, then its output V^t) will e;±ibit short-term ^^^P ^'f "T'TM^'t f T 

frequency instability, oV jitter Maintaining a low VCO SJ^f^S^^^. ^^e P-channel and N-channel transistors. 

gahlconstarnKvcoisoneLthodofreducingnoisesensi- Tnp-point compensation circuit provides a net nng 

fivity. The required operating frequency for conven- 40 current signa^ as the current control signal to the nng 

tional VCOs ranges from a few MHz to beyond 200 oscillator. The net nng current signal represents the 

MHz. Tuning ranges up to 2 to 1 are also required. To difference between the output current signal and the 

be easily compatible with 5 V power supply constraints current dump output signal. - 

and minimum phase detector/charge pump solutions, A better understanding of the features and advan- 

the tuning voltage should be approximately 1.5 V to 45 tages of the present invention will be obtained by refer- 

_ J 5 ence to the followinjg detailed description and accompa- 

As stated above, the VCO gain constant K,«, must be nying drawings which set forth an illustrative embodi- 

well controlled so that loop filtering schemes are pre- ment in which the foregoing features of the mvention 

dictable and stable. This is especially important in data are utilized. 

acquisition and mass storage applications such as disk 50 DESCRIPTION OF THE DRAWINGS 

controllers and constant density recording. At higher , , . . , 

output frequencies, the duty cycle is also critical. FIG. 1 is a block diagram illustrating the basic ele- 

In many applications, the process of choice for VCO ments of a conventional phase-locked loop (PLL). 

design has been complementary-metal-oxide-semicon- FIG. 2 is a block diagram illustrating an embodiment 
ductor (CMOS) technology. However, previous 55 of voltage-controlled oscillator (VCO) m accordance 

CMOS VCO designs have been greatly affected by with the present invention. 

process variations, which can cause large changes in the FIG. 3 is a schematic diagram illustrating an embodi- 

VCO gain constant K^o, and/or have required external ment of a V/I converter utilizable in the VCO shown in 

trimming components. External trimming adds pins and FIG. 2. 

cost to the PLL chip and provides an antenna through 60 FIG. 4 is a schematic diagram illustrating an embodi- 

which noise can be coupled into the sensitive analog ment of ring trip-point compensation circuitry together 

sections of the chip. with a conventional ring oscillator utilizable in the 

One example of a high frequency CMOS phase- VCO shown in FIG. 2. 

locked loop is described by Ware et al. "a 200 MHz FIG. 4A is a schematic diagram illustrating a general- 
CMOS Phase-Lock-Loop with Dual Phase Detectors*', 65 ized representation of the FIG. 4 circuit. 

IEEE Transactions on Solid State Circuits, May 10, FIG. 5 is a schematic diagram illustrating an embodi- 

1989. The Ware et al PLL features a VCO that requires ment of process compensation circuitry utilizable in the 

the use of a bandgap regulator that relies on parasitic VCO shown in FIG. 2. 
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FIG. 5A is a plot of control current to the ring oscil- 
lator versus tuning voltage. 

FIG. 6 is a graph illustrating VCO frequency versus 
process and operating conditions for a VCO in accor- 
dance with the present invention. 5 

DETAILED DESCRIPTION OF THE 
INVENTION 

FIG. 2 shows a block diagram of a CMOS voltage- 
controlled oscillator (VCO) 20 with gain constant and 10 
duty cycle compensation in accordance with the pres- 
ent invention. 

VCO 20 includes a voltage-to-current V/I converter 
22 with gain Gm that amplifies input signal V/n to cur- 
rent mirror and trip-point compensation circuitry 24. is 
The outputs of the trip-point compensation circuitry 24 
are provided to a CMOS ring oscillator 26. The selected 
phase signal of the ring oscillator 26 is provided as the 
VCO output via an output buffer 28. 

In accordance with the present invention, the VCO 20 
20 includes process and temperature compensation for 
the V/I converter 22 and process compensation for the 
trip-point circuitry 24. Duty cycle compensation for 
both the trip-point balance circuitry 24 and the output 
buffer 28 is derived from matching devices within these 25 
two circuit elements. 

An embodiment of a V/I converter 22 utilizable in 
the VCO 20 is shown in greater detail in FIG. 3. 

In the FIG. 3 V/I converter circuit 22, tuning voltage 
input signal Vi„ is provided to the inverting input of 30 
operational amplifier OPAMPl. The non-inverting 
input of op amp OPAMPl is connected to the drain of 
P-channel transistor P4 which is driven by the output of 
op amp OPAMPl. A second operational amplifier 
OPAMP2 drives N-channel sense transistor Nl, which 35 
has its source connected to an output node A. The 
non-inverting input of op amp OPAMP2 is connected 
to the drain of P-channel sense transistor P4 via internal 
current control resistor Rl. The inverting input of op 
amp 0PAMP2 is connected to receive a V^D driver 40 
stage output, the driver stage comprising three series- 
connected, P-channel transistors PI, P2 and P3 which 
are connected between a supply voltage Wdd and 
ground. An N-channel output mirror transistor N2 is 
connected between the output node A and ground. 45 

Thus, the output current at node A of the V/I con- 
verter 22 is controlled by forcing the bottom side of 
resistor Rl to Vdd/^ and the top side of resistor Rl to 
V/fl. The output current is, therefore, 

SO 

RI 

and is relatively independent of supply yx>i>and its only 
process sensitivity is the tolerance of the internal resis- 55 
tor Rl. The transconductance slope is totally indepen- 
dent of supply Vdd- 

Resistor Rl can also be an external component for 
even greater accuracy. In this case, both external con- 
nections are floating above ground and external noise 60 
can be made common-mode. 

The current at node A b then mirrored bto the ring 
oscillator 26, as described below. 

An embodiment of current mirror and ring trip-point 
compensation circuitry 24 is shown in greater detail in 65 
FIG. 4. 

Trip-point compensation is desirable in order to main- 
tain symmetric VCO output waveforms as the process 
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varies. For example, when the process tends toward 
weak N-channel and strong P-channel transistors, the 
resultant VCO output waveform will have a higher 
duty cycle than when the N-channel and P-channel 
transistor strengths are well matched. 

The FIG, 4 circuit includes a differential stage, com- 
prising N-channel transistors N4 and N5, that allows the 
total ring oscillator current from the V/I converter 22 
to be shared as process shift demands. That is, as the 
P-channel transistors of the VCO get weaker because of 
process variation, the self-biased inverter (transistors 
PIO and N8) voltage in the FIG. 4 circuit will tend to 
drop, forcing more current to be steered through input 
transistor N4 and then mirrored from P-channel transis- 
tor P6 to P-channel current sensing transistors P9, Pll» 
P13 and P15. Similarly, when the N-channel transistors 
get weaker, more current is steered through P-channel 
input transistor P7 and mirrored into transistors P8 and 
N7 and current sensing transistors N9, Nil, N13 and 
N15. 

As further shown in FIG. 4, the ring trip-point com- 
pensation circuitry includes a dummy inverter stage 
(transistors PIO and N8) that is identical in form to the 
three inverter stages (P12/N10, P14/N12 and P16/N14) 
of the ring oscillator. 

The ring oscillator is a standard design having an 
output frequency equal to 1/6T, where T is the propa- 
gation delay of an inverter (P12/N10, P14/N12, 
P16/NM). 

From the above description, those skilled in the art 
will recognize that the FIG. 4 circuitry can be more 
generally illustrated as shown in FIG. 4A. That is, as 
shown in FIG. 4A, the amplified V/I converter control 
input received from buffer Gm drives a first current II. 
The current dump from the process compensation cir- 
cuitry drives a second current source 12. The net ring 
oscillator current equals the V/I current II minus the 
process compensation current 12. 

As shown in FIG. 4, the compensation circuit 24 uses 
a self-biased inverter 30 comprising P-channel transistor 
P5 and N-channel transistor N3 to drive the ring oscilla- 
tor bias such that the resultant oscillation is also 
matched with the output buffer GI. Output buffer GI 
amplifies and squares the ring oscillator signal. 

An embodiment of process compensation circuitry is 
shown in detail in FIG. 5. 

The process cpmi>en$ation circuit maintains a con- 
stant frequency tuning range over process variations 
such as transistor threshold voltage, transconductance 
and source/drain capacitance. It also compensates for 
externally induced variations, such as temperature and 
supply voltage VoD- 

As shown in FIG. 5, a Vdd voltage splitter stage 
consisting of P-channel transistors P17, P18 and P19 
sets up a VDi>-dependent gate bias on P-channel transis- 
tor P20 and N-channel transistor N20. As P-channel 
strength increases, the ciirrents in N-channel sensing 
transistors N16 and N17 increase proportionally. Like- 
wise, as N-channel strength increases, the current in 
N-channel sensing transistor N20 increases. The P- 
channel and N-channel strength-dependent currents 
sum to become the tail current in the differential stage 
comprising N-channel transistors N18 and N19, which 
is part of a Kkco compression network. Thus, as the 
tuning voltage V,„ applied to input transistor N19 in- 
creases, so does the current in P-channel transistor P22 
and P-channel mirror transistor P23. This current 



5,061; 

5 

dumps into the trip-poini compensation circuit 24 and 
effectively "steals" current away from the ring oscilla- 
tor, thereby maintaining a constant output frequency. 
Since the **stolen" current is proportional to the tuning 
voltage V,„, the VCO gain constant Kyco is further 5 
compressed. 

This concept is further illustrated in the FIG. 5A plot 
of control current Inng to the ring oscillator versus tun- 
ing voltage Vin- As shown in FIG. 5A, the current Inng 
supplied by the V/1 converter circuit (FIG. 3) rises 10 
from zero When equals Vdd/^> the slope of the 
curve being dependent on the value of resistor RI. As 
stated above, as process strength varies, the slope of the 
V/I converter output remains constant. Thus, without 
current trimming, the net ring current will not be pro- 15 
cess dependent. With current trimming provided in 
accordance with the present invention, ring current 
Iring is controlled over a widened range of tuning volt- 
ages V/M 

FIG. 6 provides a plot of VCO frequency versus 20 
process and operating conditions based on a SPICE 
simulation of the concepts of the invention described 
above for a 5 V integrated circuit under worst case 
operating conditions. The simulation indicates that 
VCO gain constant (Kyco) compression of approxi- 25 
mately 2:1 is possible. Conventional VCO designs ex- 
hibit gain constant compression of 3.5:1 or more. 

It should be understood that various alternatives to 
the embodiments of the invention described herein may 
be employed in practicing the invention. It is intended 30 
that the following claims defme the scope of the inven- 
tion and that methods and apparatus within the scope of 
these claims and their equivalents be covered thereby. 

What is claimed is: 

1. A voltage controlled oscillator circuit comprising: 35 

(a) multi-stage ring oscillator means that includes a 
plurality of series-connected inverter stages com- 
prising N-channel and P-channel transistors, the 
ring oscillator means responsive to a control cur- 
rent signal for controlling the frequency of oscilla- 40 
tion of the ring oscillator means; and 

(b) voltage-to-current converter means for convert- 
ing a tuning voltage input signal to a corresponding 
output signal that is independent of the channel 
strength of the N-channel and P-channel transis- 45 
tors; 

(c) . process compensation means responsive to the 
tuning voltage input signal for providing a current 
dump output signal corresponding to the channel 
strength of the P-channel and N-channel transis- 50 
tors; and 

(d) trip-point compensation means responsive to the 
output signal and the current dump output signal to 
provide a net ring current signal as the control 
current signal to the ring oscillator means, the net 55 
ring current signal representing the difference be- 
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tween the output signal and the current dump out- 
put signal and responding to the balance between 
the output buffer^s input threshold and a ring in- 
verter dummy stage. 

2. A voltage controlled oscillator circuit as in claim 1 
wherein the voltage-to-current converter means com- 
prises: 

(a) supply voltage divider means connected between 
a supply voltage and ground for providing a volt- 
age driver output signal; 

(b) a first operational amplifier that receives the tun- 
ing voltage input signal at its inverting input; 

(c) a second operational amplifier that receives the 
voltage driver output signal at its inverting input; 

(d) a P-channel sense transistor having its gate con- 
nected to receive the output signal of the first oper- 
ational amplifier, its source connected to the supply 
voltage and its drain connected both to the non- 
inverting input of the first operational amplifier and 
to the first side of a current control resistor; 

(e) a N-channel sense transistor having its gate con- 
nected to receive the output signal of the second 
operational amplifier, its drain connected both to 
the non-inverting input of the second operational 
amplifier and to the second side of the current 
control resistor, and its source connected to an 
output node that provides the output current sig- 
nal; and 

(0 a N-channel output mirror transistor having its 
drain and gate commonly connected to the output 
node and its source connected to ground. 

3. A voltage controlled oscillator circuit as in claim 1 
wherein the process compensation means comprises: 

(a) supply voltage splitter means connected between 
the supply voltage and ground for generating first 
and second bias voltage output signals; 

(b) channel strength sensing means responsive to the 
first and second bias voltage output signals for 
providing a tail current signal; and 

(c) gain constant compression means responsive to 
the tail current and to the tuning voltage input 
signal for providing current dump output signal 
corresponding to the tuning voltage input signal. 

4. A voltage controlled oscillator circuit as in claim 1 
wherein the trip-point compensation means comprises: 

(a) current steering means for steering the control 
current signal to the ring oscillator means depend- 
ing upon the channel strength of the N-channel and 
P-channel transistors; 

(b) an input node for providing the current dump 
output signal as tail current to the current steering 
means; and 

(c) a N-channel transistor connected between the 

input node and ground for providing the current 

input to the ring oscillator. 

« * • * « 
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[57] ABSTRACT 

A voltage controlled oscillator is tuned with a network 
comprising two varactor diodes and two transmission 
Imes. By selecting appropriate values of varactor capac- 
itance and transmission line length and width the over- 
all reactance of the network is such that, when a varac- 
tor tuning voltage is varied, the output frequency of the 
voltage controlled oscillator will vary in an fashion 
with respect to the tuning voltage. Such a voltage con- 
trolled oscillator is gain compensated and exhibits a 
controUed modulation sensitivity over a range of fre- 
quencies. If the required frequency range of the oscilla- 
tor is known beforehand, an alternate embodiment of 
the invention may be employed in which one of the 
varactor diodes is replaced with a fixed capacitor hav- 
ing a suitable value for the desired frequency range. 

6 Claims, 2 Drawing Sheets 
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VOLTAGE CONTROf T FH n^cxT T ATOP WITH amplifier at preset •^breakpoints" as the 

rSe^^ "^P"', correction voltage varies. The resulting output 

FREQUENCY SENSmvrTY CONTOOL signal is thereby composed of a number of linear seg. 

B Arirr p ni ivn number of such segments increasing with an 

oAi^A^uKuuiNi^ 5 increasing number ofbreakpointsofthe generator. The 

This invention relates to voltage controlled oscilla- output linearized correction voltage is thus made to 

tors and, more particularly, to a gain compensated vary in a nonlinear fashion with respect to the applied 

varactor tuning networic for a voltage controll^ oscil- correction voltage. The response time of the circuit 

with respect to a change in the applied correction volt- 
Voltage controlled oscillators (VCO's) are oscillators age is typically in the range of 50 to 500 nanoseconds, 
which have a frequency output which may be varied in The effect of the linearized correction voltage is to 
response to an ^pUed voltage signal VCO's are typi- compensate for the nonlinear voltage-toK:apacitance 
, characteristic of the varactor tuning components, 
loq) (PLL) circmt A PLL is typicaUy utilized when it thereby providing a VCO having an output frequency 
B desued to synchronize two signals in both phase and 15 ^^^^j^ ^^ries in a more linear fashion with respect to the 
frequency. As an example, one signal may be a local correction voltage 

^dilator within a commmucations device, while the a disadvantage of such a linearing circuit is that, in 

se^nd signal may be a received frequency. order to achiev^a minimum respond time to a Sg^ 

H^^f^'f^!? ^ characterized as a in the correction signal, a high^ew rate L S 

closed-loop electromc servomechamsm the output of 20 ' vc • . T * 

which locks onto and tracks a reference signalK SfnnLai^f ^''^f is required. Another 
lock is achieved by comparing the phase §&e FUL ^ZT^ %Tf ^'^^ 

output sigmil to the phasiofthe refer^S^. Any ^^y<^^^^^ 

phase difference between the two signals is Averted I'l^^^'^^u ^^^^^ transistors and resistors, 

to a correction voltage. typicaUy byVphase detS 25 ^« °Pf frequency. Hence, 

circuit This correction voltage is appHed to the VCO ^® constants and thermal stability of these 

circuit, thereby adjusting its output frequency such that «>™P?^cn*s are critical factors which affect the short 
it tracks the refer«ice frequency. ^ term frequency stabiUty of the VCO. 

As may be appreciated, the response time of the VCO linearizing circuit as described above is 

circuit to a change in the applied correction voltage is 30 ?^P^ ^r use with an input analog correction voltage, 
an important parameter of such a circuit, especially if ^ ^ utilized in a PLL which employs digital 

the reference frequency is varying rapidly. As may be components within the feedback loop between the 
further appreciated, the control of the VCO's tuning output and the phase detector. Typically, a digital 

diaracteristic, that is the ability of the VCO output counter is utilized to divide the output frequency of the 
frequaicy to vary in a controlled and predictable fash- 35 Y^P* outputs of the digital counter are applied as 
ion with respect to a change in the correction voltage. "*P^^ ^ digital to analog converter (DAC), whereby 
is also an important consideration. ^ analog correction voltage is produced for applica- 

Achieving a specific VCO voltage-to-frequency rela- ^ breakpoint amplifier of the hnearizing cir- 

tionship is especially difBcult when the VCO uses one ^ ^ appreciated, the signal delay incurred 

or more varactor diode components as frequency tun- 40 ^e operation of the DAC is additive to that of the 
ing elements. Varactor diodes are essentially two termi- linearizer, with the resulting overall response time of 
nal semiconductor diodes wherein the inherent p-n DAC linearizer combination bemg in the range of 

junction capacitance is emphasized. By varying a re- approximately 500 to 2000 nanoseconds, 
verse bias applied to such a varactor diode, the junction Because of the aforementioned problems of high cost 
capacitance may be varied, thus making the device 45 and sensitivity to thermal effects associated with the 
equivalent to a voltage controlled capacitor. By, their breakpoint type of linearizer, it has been known in the 
inherent nature however, varactor diodes have an un- art to replace the breakpoint linearizer with a digital 
desireable nonlinear voltage-to-capacitance relation- look-up table, the look-up table being disposed between 
ship, that is, the capacitance varies m a nonlinear fash- the output of the counter and the input to the DAC. 
ion with respect to the applied reverse bias voltage. 50 The look-up table is contained typically withm a high 
Furthermore, the particular nonlinear characteristic of speed programmable read only memory (PROM). The 
a varactor diode is dependent, typically, on certain PROM is configured such that its address inputs are 
specific physical characteristics of the diode. When connected to the outputs of the counter. The data out- 
such a varactor diode is utilized as a tuning component puts of the PROM are connected correspondingly to 
in a VCO, the resulting output frequency of the VCO 55 the digital inputs of the DAC. In operation, the outputs 
likewise exhibits an undesirable voltage-to-frequency of the counter address a word of data within the 
relationship, the frequency being dependent on the ca- PROM, the PROM thereafter outputting on its data 
pacitance of the varactor diode. In response to the prob- lines the data so addressed. The value of each word of 
lem created by this inherent voltage-tonapacitance data contained within the PROM is determined by a 
relationship of a varactor diode, it has been known in 60 caUbration procedure perfonned when the PLL is fkst 
the pnor art to utilize vanous linearization techniques constructed. During the calibration procedure the 
to compensate for the undesireable nonlinearity charac- counter is driven such that it wiU output aU oossible 
tensttcs of the varactor diode. combinations of PROM addresses. For each such ad- 

One such to^hmque employs a high s^ dress a corresponding PROM output is determined 

^X^^^ c E'^r^ * lineam^i correction voltage 65 which, when applied to the DAC, produces an analog 
P wX.^*^"''^*^''^'^'"*''^'^y^°*P^ correction voltage which provides a linear VCO volt- 
of a high slew-rate operational amplifier combined with age-to-frequency transfer function. The digital value so 
a breakpomt generator, the generator actmg to change determined is stored in the' PROM at the addressed 
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word. Thus, it can be seen that the aforementioned 
analog breakpoint linearizer is replaced with a digital 
look-up table contained within the PROM, the PROM 
providing a number of equivalent breakpoints that cor- 
respond to the number of words within the PROM. For 5 
example, if the PROM has 12 address inputs, the VCO 
will be linearized at the equivalent of 2,048 breakpoints. 

While the aforementioned prior art table look-up 
scheme is suitable for modifying the voltage-to-fre- 
quency characteristics of a VCO utilizing varactor 10 
diode tuning elements, it is also disadvantageous for 
several reasons. 

One problem created by the table look-up approach is 
that an additional response delay is introduced by the 
data access time of the PROM. This delay is additive to IS 
the delay of the DAC and results in a minimum re- 
sponse time delay of approximately 1000 nanoseconds. 

Another problem created by this approach is that in 
each PLL system incorporating such a table look-up 
PROM, the system must be individually calibrated and 20 
the PROM custom programmed in order to compensate 
for the intrinsic characteristics of the VCO components, 
especially the nonlinearity characteristics of the varac- 
tor devices incorporated therein. This requirement for 
individualized system calibration is time consuming and 25 
costly, especially in relatively high production environ- 
ments. An additional problem created by this approach 
is that if a system component is required to be changed 
. at a later time, such as during field use, it may be neces- 
sary to recalibrate the system and program a new 30 
?PROM in order to compensate for the different charac- 
:teristics of the new component introduced into the sys- 
tem. 

SUMMARY OF THE INVENTION 35 

The foregomg problems are overcome and other 
advantages are realized by a voltage controlled oscilla- 
tor circuit and a method for adjusting parameters 
thereof to achieve a controllable modulation sensitivity 
'by the use of both coarse and fine timing means, at least 40 
one of which is electronically variable. In one embodi- 
ment of the invention the coarse and the fine tuning 
means are serially coupled together, the fine tuning 
means being further coupled to an active oscillatory 
element. The fine tuning means is comprised of a length 45 
of transmission line and a varactor, the varactor being 
coupled to a source of fine tuning voltage which is 
adjusted to select the varactor capacitance. The coarse 
tuning means is similarly comprised of a second length 
of transmission line and a second varactor, the second 50 
varactor being coupled to a source of coarse tuning 
voltage which is adjusted to select the varactor capaci- 
tance. The length of each transmission line is preset to a 
length such that each transmission line exhibits an impe- 
dance which, in combination with the controlled capac- 55 
itance of the corresponding varactor, yields a VCO 
which has an output frequency which varies in a desired 
and controlled nonlinear or linear fashion with respect 
to the applied tuning voltage. In an alternative embodi- 
ment of the invention the tine tuning voltage is fixed, 60 
thereby fixing the capacitance of the tine tuning varac- 
tor. The resultant VCO circuit is tuned by varying the 
coarse tuning voltage. In a further embodiment of the 
mvention the fine tuning varactor is replaced with a 
fixed capacitor, the resultant VCO circuit being simi- 65 
larly tuned by varying the coarse .tuning voltage. 

When utilized as a component within a phase locked 
loop circuit, such a voltage controlled oscillator pro- 



vides for a fast response, minimum complexity, linear 
output phase locked loop without the disadvantges of 
the prior art linearization methods employing expensive 
components or individualized calibration procedures. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing features and other aspects of the in- 
vention are explained in the following description taken 
in connection with the accompanying drawings 
wherein: 

FIG. 1 is a schematic diagram showing a voltage 
controlled oscillator (VCO) having a tuning network 
constructed in accordance with one embodiment of the 
invention; 

FIG. 2 is a graph showing the modulation sensitivity 
exhibited by the VCO of FIG. 1 wherein the turning 
network is constructed with components each having a 
given value; and 

FIG. 3 is a graph showing the modulation sensitivity 
exhibited by the VCO of FIG. 1 wherein the tuning 
network is constructed with components each having 
another given value. 

DETAILED DESCRIPTION 

With reference to FIG. 1 there is shown an exem- 
plary voltage controlled oscillator 10 constructed in 
accordance with an embodiment of the invention. Oscil- 
lator 10 comprises transistor 12 and bias setting resistors 
14, 16 and 18. Transistor 12 is shown as an NPN type 
having a collector connected to circuit ground and an 
emitter connected to a source of negative voltage —V 
through emitter resistor 14. The base of transistor 12 is 
biased through the voltage divider comprising resistors 
16 and 18 such that transistor 12 may function as an 
oscillator. Regenerative feedback to sustain the oscilla- 
tion of transistor 12 is provided by the intrinsic parasitic 
capacitance 19 present within transistor 12. The regen- 
erative feedback provided in this manner results in a 
frequency of oscillation in the range of one to ten giga- 
hertz if a bipolar device is utilized for transistor 12. If a 
field effect transistor (FET) device is utilized, the fre- 
quency of oscillation will be consequentiy higher. The 
frequency output of transistor 12 is coupled from the 
emitter through a capacitor 20 to a load (not shown). 

In order to control the self-oscillatory mode of tran- 
sistor 12 so that the device may be utilized as a voltage 
controlled oscillator (VCO), a frequency determining 
impedance network 22 is coupled to the base of transis- 
tor 12 through a DC blocking capacitor 23. The capaci- 
tance of capacitor 23 is chosen to be of a sufficient 
magnitude such that the reactance of capacitor 23 is 
negligible at the frequency of operation, resulting in 
capacitor 23 appearing essentially as a short circuit at 
the frequency of operation. 

The frequency determining impedance network 22 
comprises a fine-tuning diode device in the form of a 
varactor 26, a coarse-tuning diode device in the form of 
a varactor 32, a fine tuning high impedance transmission 
line 24 and a coarse-tuning high impedance transmission 
line 30. A fine-tuning voltage V//and a coarse-tuning 
voltage Vtc are applied to varactors 26 and 32 through 
resistors 34 and 36, respectively, by conventional means 
(not shown). Resistors 34 and 36 preferrably employ 
metal film type resistive elements, the reason being that 
metal film elements typically exhibit a small associated 
parasitic capacitance component As shown in FIG. 1, 
varactors 26 and 32 are connected so that their respec- 
tive anodes are coupled to the tuning voltages V//and 



# DESCRIPTION 


VALUE 


24 Fine Tuning Lmc 
26 Fine Tuning Varactor 
30 Coarse Tuning Line 
32 Coarse Tuning Varactor 


Z ^ 20 ohms 1 = 117 degrees 
C = 15.9-2.15 picofarads 
Z - 80 ohms 1 = 79 degrees 
C = 0.38-0.17 picofarads 



4,736,169 

5 5 

y^. The nonnal mode of operation for such a varactor work 22. As an example, the component values selected 

diode device is that the device is operated in a reverse to yield the negatively compensated tuning curves of 

biased state, therefore the polarities of both V^/and HG. 2 are shown in TABLE 1 as foUows: 
must be negative in the circuit as shown in FIG. 1. t tit p 

However, in an alternative embodiment of the inven- 5 TABLE 1 

tion (not shown) the varactor diodes may be connected # DESCRiFnoN value 

with their cathodes coupled to the tuning voltage. If the 24 Fine Tuning Line Z ^ uoohmsl = 211 degrees 

varactors are so connected the polarity of the tuning ^6 Fme Tuning Varactor c = 0.56-0.I8 picofarads 

voltage must be positive in order to properly reverse ?^ Coarse Tuning Une z = 80 ohms 1 = 16 degrees 

bias the varactors. Resistor 38. preferrablya metal film 10 ^2 Coane Tuning Varactor c = 1.59-0.24 picofarads 

type, provides a ground reference for varactor 26. 

A second DC blocking capacitor 28 is connected Referring now to FIG. 3, another graph of tuning 

between fine tuning varactor 26 and transmission:line 30 curves is shown. The graph of FIG. 3 is constructed in 

to prevent the interference of coarse tuning voltage Vte ^ similar fashion to the graph of FIG. 2, that is, the 

with varactor 26. As was described above with refer- 15 magnitude of Vte is fixed while the magnitude of V//is 

ence to blocking capacitor 23, the capacitance of capac- varied over a range of values. However, an inspection 

itor 28 is chosen such that it presents a negligible impe- of FIG. 3 reveals that as the magnitude of Vtc is set at 

dance at the desired frequency or range of frequencies successively higher magnitudes, the rate of frequency 

of operation of VCO 10. change of the VCO 10 for a given range of V//values is 

Transmission lines 24 and 30, when terminated as 20 correspondingly greater. This tuning characteristic is 
described herein, may be considered to introduce a termed positive gain compensation, and is likewise de- 
phase shift or impedance shift, thereby transforming the pendent upon the particular values of the impedance 
reactances of their corresponding varactors 26 and 32. network 22. In this example, the component values 
At microwave frequencies, the transmission lines 24 and selected to yield the positively compensated tuning 
30 are constructed of well known wave-guide micro- 25 curves of FIG. 3 are shown in TABLE 2 as follows: 
strip, stripline or coaxial components while, at lower tabt p 9 
frequencies, a well known ladder network of discreet l ABLE 2 
inductors and capacitors may be employed. The amount 
of phase shift introduced by transmission lines 24 and 30 
at microwave frequencies is a function of their lengths 30 
and widths. By adjusting the length of such a transmis- 
sion line, the reflected impedance may also be adjusted. 
In operation, the capadtive reactance of the coarse 

tuning varactor 32 is transformed by line 30, thereby ^ examination of the tuning curves of FIGS. 2 and 
providing a new reactance. This new reactance is com- 35 ^ shows that the curves are of a varying slope exhibiting 
bined with the reactance of line 24 and varactor 26, thus ^ ^ greater rate of change at a lower frequency, 
providing an overall reactance. This overall reactance ™^ nonlinearity results in what is known as frequency 
will approach zero ohms at the resonant frequency of variable modulation sensitivity. This variable modula- 
the oscillator. The frequency of oscillation of transistor sensitivity may have a detrimental effect on both 
12 can therefore be seen to be a function of the inherent 40 capturie range and the noise features of a PLL dr- 
parasitic capacitance 19 of dransistor 12 and the overall incorporating such a VCO if the amount of variable 
reactance of the impedance network comprised of modulation sensitivity is unknown or uncontrolled. The 
transmission lines 24 and 26 and varactors 26 and 32. As aforementioned prior art tuning curve control tech- 
may be appreciated, if the capacitances of varactors 26 niques attempt to compensate for this variable modula- 
and 32 are electronically varied, as will occur if the 45 tion sensitivity by driving a tuning varactor with a non- 
tuning voltages V^^andV^c are varied, the overall reac- l"iear tuning voltage, creating, however, problems 
tance of the aforementioned impedance network will which have an adverse effect on either cost, complex- 
vary. Thus it may be seen that the frequency of oscilla- ity» or response time. 

tionof transistor 12 will also vary, resulting in transistor A varactor tuning network constructed in accor- 

12 acting as a voltage controlled oscillator. 50 dance with the invention does successively compensate 

In order to better appreciate the beneficial effects for this nonlinearity by apportioning the components 

conferred by the invention upon thie operation of a values of the transmission lines 24 and 30 and the varac- 

voltage controlled oscillator, it is advantageous to con- tors 26 and 32 such that the amount of modulation sensi- 

struct a graph which shows a series of modulation sensi- tivity may be accurately controlled. In other words, the 

tivity, or tuning, curves. Referring to FIG. 2, one such 55 lengths of transmission lines 24 and 30 and the capaci- 

graph is illustrated. The graph of FIG. 2 is constructed tance values of varactors 26 and 32 are selected such 

by setting the coarse tuning voltage Va: to a fixed value, that the resulting network 22 exhibits a controlled gain 

thereby essentially setting the capacitance of varactor compensation curve that may fall between the curves 

32 to a fixed capacitance. The fine tuning voltage V^/is shown in FIGS. 2 and 3. For example, the lengths of 

then varied and the resulting output frequency of the 60 lines 24 and 30 may be adjusted such that the curves 

VCO 10 is measured for several different values of Vtf. obtained are made essentially into straight line elements. 

As may be seen by an inspection of the graph of FIG. 2, The resulting network 22 exhibits therefore a constant 

as tiie coarse tuning voltage Vftr is set at successively value of modulation sensitivity over a desired range of 

magnitudes, the rate of frequency change of the frequencies. The specific component values utilized are 

VCO 10 for a given range of V,/ values is correspond- 65 of course dependent upon a variety of factors such as 

ingly less. This tuning characteristic is known as nega- the range of frequencies over which the VCO will oper- 

tive gain compensation, and is dependent upon the com- ate, the inherent circuit parasitic capacitances, and 

ponent values selected to construct the impedance net- other appUcation dependent factors. Referring once 
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again to FIGS. 2 and 3 and TABLES 1 and 2 above, it 
can be seen that a specific combination of transmission 
line lengths and widths and varactor values may be 
chosen such that a variation in tuning voltage results in 
corresponding linear variation m VCX) output fre- 
quency. Thus, the modulation sensitivity of the VCO 10 
will remain constant over a desired range of frequen- 
cies, resulting in a VCO 10 which may be said to be gain 
compensated or gain linear. 10 

In similar fashion, other component values may be 
chosen to provide a VCO having a controlled amount 
of positive or negative modulation sensitivity over a 
range of frequencies. Thus, the overall PLL response 
may be made linear, which is a desired result. The VCO 15 
may be required to be linear or nonlinear in order to 
compensate for other PLL characteristics. 

Although the tuning network of the invention has 
been described as having two variable tuning voltages 
V^^ and V//, it may be appreciated that if the desired 
range of frequencies over which operation is required is 
predetermined, the fine tuning voltage V^^may be fixed. 
The magnitude of Wtf^ if fixed, is determined such that 
when Vteis varied, the output frequency of VCO 10 will 25 
correspondingly vary within the desired range of fre- 
quencies. As an example, and referring once again to 
FIG. 2, if it is desired to operate VCO 10 over a range 
of frequencies of 4.0 to 4.35 GH;, V/^-could be fixed at 
a magnitude of 3.0 volts. If Vtc is subsequently varied 30 
between 3.0 to 10.0 volts, the output of VCO 10 will 
vary within the desired range of frequencies. 

Likewise, it may be appreciated that if the desired 
range of frequencies is predetermined as in the forego- 
ing example, that V//may be eliminated altogether and 
the varactor 26 replaced with a suitable fixed value of 
capacitance, one such value being 0.S6 picofarads. Of 
course, if varactor 26 is replaced with a fixed capacitor 
the blocking capacitor 28 could be eliminated from the ^ 
circuit of FIG. 1. 

Thus it can be seen that both a novel tuning circuit for 
a VCO, and a method for tuning a VCO, has been de- 
scribed. The characteristics of the tuning circuit are 
well suited for use with a VCO that is a component of 45 
a PLL, although the tuning circuit of the invention is 
not limited to that application. Therefore it is to be 
understood that the above described embodiments of 
the invention are illustrative only and that modifications 
thereof may occur to those skilled in the art Accord- 
ingly, this invention is not to be regarded as limited to 
the embodiments disclosed herein, but as to be limited 
only as defined by the appended claims. 

What is claimed is: 

1. A method of tuning a voltage controlled oscillator 
to provide a selectable modulation sensitivity, said oscil- 
lator comprismg an active donent with feedback and a 
tuning circuit connected to said active element for in- 
ducing oscillation, said method comprising the steps of: 60 
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selecting a first and a second transmission line and a 
first and a second voltage variable capacitor for 
said tuning circuit; 

connecting one end of said first transmission line to 
said active element; 

tenninating a second end of said first transmission 
line, said step of tenninating including a connecting 
of said first capacitor serially between the second 
end of said first transmission line and a first end of 
said second transmission line; 

terminating said second transmission line by connect- 
ing said second capacitor to a second terminal of 
said second transmission line; 

adjusting the length of said second transmission line 
to provide a reactance for interaction with a capac- 
itive reactance of said second capacitor; 

adjusting the length of said first transmission line to 
provide a reactance for interaction with a capaci- 
tive reactance of said first and said second capaci- 
tors; and 

electronically varying the capacity of one of said 
capacitors to select a frequency of said oscillation. 

2. A tuning method according to claim 1 further 
comprising a step of electronically varying the capacity 
of the other of said capacitors to select a range of fre- 
quencies of said oscillation. 

3. A tuning method according to claim. 2 wherein 
each of said capacitors is a varactor, and each of said 
steps of electronically varying capacity is accomplished 
by applying a voltage to a varactor. 

4. A tuning method according to claim 2 further 
wherein said step of electronically varying capacity to 
select a frequency is accomplish^ by varying the ca- 
pacity of said second capacitor. 

5. A tuning method according to claim 2 further 
wherein said step of electronically varying capacity to 
select a range of frequencies is accomplished by varying 
the capacity of said first capacitor. 

6. A voltage controlled oscillator providing an output 
frequency having a controllable modulation sensitivity 
curve, said oscillator comprising; 

an active element with feedback for inducing an oscil- 
latory signal having said output frequency and a 
tuning circuit coupled to said active element for 
varying said output frequency, said tuning circuit 
including fine tuning means and coarse tuning 
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said fine tuning means being series connected be- 
tween said coarse tuning means and said active 
element and comprising a first means, connected to 
said active element, for transforming a reactance, 
and a first capacitive means serially connected 
thereto, said first capacitive means being variable 
by an applied voltage and 

said coarse tuning means being serially coupled to 
said fine tuning means and comprising a second 
means for transforming a reactance, and a second 
capacitive means, said second capacitive means 
being variable by an applied voltage. 
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[57] ABSTRACT 

A bias generating circuit for reducing an external DC 
power supply voltage to a predetermined, lower, stable 
DC voltage used as a power source for internal logic 
circuits in a semiconductor IC chip includes an oscilla- 
tor for converting the external DC voltage into a pulse 
signal, a smoothing circuit for converting a pulse signal 
into the lower DC voltage, and a control circuit inter- 
posed between the oscillator and the smoothing circuit 
for varying the pulse duration of the pulse signal from 
the oscillator to a changed pulse signal, and for regulat- 
ing the lower DC voltage to a predetermined amplitude 
in response to the voltage variation in the lower DC 
voltage. The control circuit comprises a CMOS in- 
verter, a CMOS buffer circuit for varying the pulse 
duration of the output signal of the CMOS inverter, and 
a voltage compensating circuit for controlling the trans- 
conductance of the CMOS inverter in response to the 
variation of the lower DC voltage. 

6 Claims, 4 Drawing Figures 
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CMOS inverter in response to the variation of the lower 

CMOS BIAS VOLTAGE GENERATING CIRCUIT DC voltage. 

TTius, according to the invention, an external DC 

BACKGROUND OF THE INVENTION power supply voltage can be reduced to a predeter- 

This invention relates to a bias generating circuit, or ^ mined and highly stable DC bias voltage used for pow- 

a DC voltage reducing circuit, suitable for an internal ering internal logic circuits in a semiconductor chip, 

low voltage power source in a large-scale integrated The invention is applicable to all forms of semiconduc- 

circuit (IC) device. tor IC devices such as large-scale memory ICs and 

In general, since digital electronic apparatuses com- microprocessor ICs. 

posed of many MOS IC devices operate with TTL logic The above and other objects, features and advantages 

signals, the MOS IC devices are powered by using of the invention will be more apparent from the foUow- 

S-volt power supply. On the other hand, MOS transis- ing detailed description taken in connection with the 

tors in the MOS IC devices are remarkably being minia- accompanying drawings. 

turized with years. However, in the case such miniatur- ^^^^^ ^^«^«»«-^^^t * ««rir«.T^» 

ized MOS 4nsistots are operated with the 5-volt J5 BRffiF DESCRIPTION OF THE DRAWINGS 

power supply, they seriously suffer from hot electron FIG. 1 is a circuit diagram illustrating a first embodi- 

and impact ionization phenomena, and the short-chan- ment of a bias generating circuit according to the pres- 

nel effect. ent invention; 

An advantageous method of precluding these adverse FIG. 2 is a waveform diagram of signals associated 

effects is to lower the power supply voltage. However, 20 ^^^j^ circuit of FIG. 1 and is useful in describing the 

because system designers do not want any complexity in operation thereof; 

system design considerations and an increased number piQ, $ circuit diagram illustrating a second em- 

of power supplies, the 5-volt power supply has been bodiment of a bias generating circuit according to the 

used as a standard power source without change. present invention; and 

Therefore, in MOS IC devices, it is desired tlKit the 25 ^ ^ waveform diagram of signals associated 
mput and output circuits therem are powered on 5 volts ^j^^ the circuit of FIG. 3 and is useful in describing the 
to interface external logic circuits, while internal logic operation thereof 
circuits are powered on a lower DC voltage (for exam- 
ple, 2.5 to 3 volts) of a magnitude that will not bring DETAILED DESCRIPTION 
about the aforementioned physical phenomena. 30 ^^^^^^ .^^^^^^^ ^ ^^^^ ^ 

SUMMARY OF THE INVENTION with reference to the drawings. 

It is therefore an object of the invention to provide a . In the d^cription to follow, the transistoi^ employed 

bias generating circuit capable of generating as an inter- ^^^'.^^'^^^^^^^^ 

nal power source a lower, stable DC voltage for inter- 35 hancement-type MOS FETs. 

nal logic circuits in an IC chip by reducing an external Refemng first to FIG. 1 illustratmg a first embodi- 

DC power voltage. mtnt of the mvention. the bias generating circmt is 

Another object of the present invention is to provide ^^^"^ ^° comprise a ring oscUlator 1 for converting an 

a bias generating circuit which comprises a plurality of external voltage (for example. 5 volts) mto a pulse sig- 

CMOS inverters. 40 ^ control circuit 2 for varying the pulse width or 

According to the present invention, the foregoing duration of the output signal from the ring oscillator 1 

objects are attained by providing a bias generating cir- and for regulating a lower DC output voltage to a pre- 

cuit capable of reducing an external DC power supply determined amplitude in response to the DC output 

voltage to a lower DC bias voltage, comprising oscillat- voltage, and a smoothing circuit 3 for converting the 

ing means for converting the external voltage into a first 45 P^^se signal from the control circuit 2 into the lower 

pulse signal, smoothing means for converting a second output voltage. 

pulse signal into the lower DC bias voltage, and control The ring oscillator 1 comprises three CMOS invert- 
means for varying a pulse duration of the first pulse ers serially connected which mclude P-type MOS tran- 
signal from the oscillating means to generate the second sistors Tl, T3, T5, and N-type MOS transistors T2, T4, 
pulse signal, and for regulating the lower DC bias volt- 50 T6. The input of the CMOS inverter 4 and the outpt of 
age to a predetermined amplitude in response to a volt- the CMOS inverter 6 are connected to a point B. 
age variation in the lower DC bias voltage. The control circuit 2 comprises a CMOS inverter 7, 

In one aspect of the invention, the control means 8. a P-type MOS transistor T7 and an N-type MOS 

includes a CMOS inverter for inverting the first pulse transistor TIO. The CMOS inverters include P-type 

signal from the oscillating means, a CMOS buffer means 55 MOS transistors T8, Til, T13, and N-type MOS tran- 

for varying the pulse duration of the output signal of the sistors T9, T12. T14. The CMOS inverters 8 and 9 are 

CMOS inverter to output the second pulse signal to the serially connected to vary the pulse duration of the 

smoothing means, and a voltage compensating means output signal from the CMOS inverter 7. The CMOS 

for controlling the transconductance of the CMOS inverters 8 and 9 also act as a buffer for shaping the 

inverter in response to the variation of the lower DC 60 output signal of the CMOS inverter 7. 

voltage. The P-type MOS transistor T7 has its source elec- 

In another aspect of the invention, the bias generating trode connected to the external power voltage input 
circuit includes a CMOS buffer means for varying the terminal A and its drain electrode connected to the 
first pulse duration of the pulse signal from the oscillat- source electrode of the P-type MOS transistor T8, and 
ing means to output the second pulse signal, a CMOS 65 the N-type MOS transistors TIO has its source electrode 
inverter for inverting the second pulse signal from the connected to the ground and its drain electrode con- 
CMOS buffer means, and a voltage compensating nected to the source electrode of the N-type MOS tran- 
means for controlling the transconductance of the sistorsT9.Thegatesof the MOS transistors T7 and TIG 
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are commonly connected to an output terminal E. The The CMOS inverter 16 is placed between the output 

P-type MOS transistors T7 varies its conductive condi- of the CMOS buffer 15 and the output terminal E to 

tion by an output voltage of the terminal E to control invert an output signal of the CMOS inverter 15. The 

the transconductance (gm) of the P-type MOS transis- MOS transistors T21 and T24 are controlled by a volt- 

tor T8, whUe the N-type MOS transistor TIO varies its 5 age at the output terminal E to adjust the transconduct- 

conductive condition by an output voltage of the termi- ance (gm) of the CMOS inverter 16. 

nal E to control the transconductance of the N-type The operation of the bias generating circuit accord- 

MOS transistor T9 *° second embodiment of the invention will now 

In other words, the MOS transistors T7 and TIO act be described with reference to FIG. 4.^ 

as a voltage compensating means for controlling the 1° With the application of an external DC voltage (for 

transconductance of the CMOS inverter 7 in response example, .5 volts) to the input termina^ A, the CMOS 

to the load variation of the output terminal E. * produces a pulse signal as shown m (a) 

The smoothing circuit 3 comprises a capacitor CI of FIG^4. The pulse signal has its pulse duration varied 

connected between ground and the output terminal E. ,^ '^']}\^^^^ inverters 14 and 15 as shown m (b) of 

The output terminal E is comiected to internal logic 15 fJC^^. TJe pulse si^al at the point C 's averted by 

circuits in an MOS IC device to supply a lower DC the CMOS inverter 16 and is smoo hed by the capac tor 

, CI to convert into a lower DC voltage in response to a 

power vo ge. ti,^ change in the voltage at the output terminal E, as shown 

According to the invention, the amplitude of the . , f ^ a -rt « 

1 T^r^ * * u V u.r *\.^ «,iie*. >n (c) of FIG. 4. The voltage vanaUon due to a load at 

lower DC output voltage IS determined by the p^^^^ the terminal E is regulated by controlling the transcon- 

duration of the pulse signal from the control circu t 2. ^^^^^^ ^^^^^ ^^^^^^^ ^21 and T74. 

The operation of the bias voltage generating circuit generating circuit according to the inven- 

havmg the foregomg construction m accordance with J ^.^^^ ^^^^ ^ 

the first embochment of the invention will now be de- ^ j;^^ transconductance (gm) ratio be- 

scnbed with reference to the waveforms shown m FIG. ^^^^^ p ^^^^ ^^^^^^ transistors forming the 

^* . . , , , CMOS inverter. The difference transconductance can 

With the application of an external DC voltage (for obtained by changing MOS transistors in size, 

example, 5 volts) to the input tenmnal A, the CMOS The bias generating circuit according to the invention 

ring oscUlator 1 produces a pulse signal having the particularly applicable to the internal power source 

waveform of (a) of FIG. 2 to the output terminal B. The 3^ semiconductor memory IC devices. * 

pulse signal is inverted by the CMOS mverter 7 as As many apparently widely different embodiments of 

shown in (b) of Fig. The pulse signal at the point C is ^jjg present invention can be made without departing 

sent by way of the CMOS inverters 8 and 9 and is con- f^^^ ^j^g spi^t and scope thereof, it is to be understood 

verted into a lowered DC voltage as shown in (d) of j^at the invention is not limited to the specific embodi- 

FIG. 2 by the capacitor CI. 35 ments thereof except as defined in the appended claims. 

If the output voltage across the capacitor CI drops What is claimed is: 
due to a heavy load to the. output terminal E, the inter- j ^ CMOS bias voltage generating circuit for use in 
nal resistance of the P-type MOS transistor T7 de- ^ semiconductor integrated circuit device and for re- 
creases while the internal resistance of the N-type MOS ducing an external DC power supply voltage to a lower 
transistor TIO increases. As a result, the switching of 40 j^q voltage, comprising: 

the CMOS inverter 7 becomes fast in rise time and slow oscillating means coupled to said external DC power 

in fall time, as shown in (c) of FIG. 2. The CMOS in- supply for converting said external voltage into a 

verter 8 outputs the pulse signal as shown in (e) of FIG. first clock pulse signal; 

2. This results in an increase in the conductive time of smoothing circuit means for converting a second 

the P-type MOS transistor T13, so that the voltage drop 45 clock pulse signal into said lower DC bias voltage; 

at the output terminal E is compensated for so as to CMOS inverter means for inverting said first clock 

increase a voltage at the output terminal E. pulse signal from said oscillating means; 

In the similar manner, when the voltage at the output CMOS buffer means for varying the pulse duration of 
terminal E suddenly boosts, the switching of the CMOS the output signal from said CMOS inverter means 
inverter 7 becomes slow in rise time and fast in fall time, 50 to output said second clock pulse signal to said 
as shown in (d) of FIG. 2. The CMOS inverter 8 outputs smoothing circuit means; and 
the pulse signal as shown in (f) of FIG. 2. This results in voltage compensating means for varying the trans- 
an increase in the conductive time of the N-type MOS conductance of said CMOS inverter means in re- 
transistor T14, so that the voltage boosts at the output sponse to a variation of said lower DC bias voltage 
terminal E is compensated for so as to regulate the 55 to regulate the pulse duration of said first clock 
voltage of the output terminal E. pulse signal to thereby regulate said lower DC bias 

A second embodiment of the present invention will voltage to a predetermined amplitude, 
now be described with reference to FIG. 3. The control 2. The circuit of claim 1, wherein said voltage corn- 
circuit 2 in FIG. 1 is modified in FIG. 3. pensating means comprises P and N-type MOS transis- 

A control circuit 10 comprises CMOS inverters 14, 60 tors connected to said CMOS inverter means, respec- 

15, 16, a P-type MOS transistor T21, and an N-type tively. 

MOS transistor T24. Each CMOS inverter includes a 3. The circuit of claim 2, wherein said CMOS buffer 

P-type MOS transistor and an N-type MOS transistor. means comprises a plurality of CMOS inverters serially 

The CMOS inverters 14 and 15 are serially connected connected to one another, said oscillating means com- 

to vary the pulse duration of the output signal from the 65 prises a CMOS ring oscillator, and said smoothing cir- 

ring oscillator 1. The CMOS inverters 14 and 15 also act cuit means comprises a capacitor, 

as a buffer for shaping the output signal of the CMOS 4. A CMOS bias voltage generating circuit for use in 

ring oscillator 1. a semiconductor integrated circuit device and for re- 
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ducing an external DC power supply voltage to a lower 
DC bias voltage, comprising: 
oscillating means coupled to said external DC power 

supply for converting said external voltage into a 

first clock pulse signal; 5 
smoothing circuit means for converting a second 

clock pulse signal into said lower DC bias voltage; 
CMOS buffer means for varying the pulse duration of 

said first clock pulse signal from said oscillating 

means to output said second clock pulse signal; 10 
CMOS inverter means for inverting said second 

clock pulse signal from said CMOS buffer means; 

and 

voltage compensating means for varying the trans* 
conductance of said CMOS inverter means in re- 15 



sponse to a variation of said lower DC bias voltage 
to regulate the pulse duration of said second clock 
pulse signal to thereby regulate said lower DC bias 
voltage to a predetermined amplitude. 

5. The circuit of claim 4, wherein said voltage com- 
pensating means comprises P and N-type MOS transis- 
tors connected to said CMOS inverter means, re^)ec- 
tively. 

6. A circuit as claimed in claim 5, wherein said 
CMOS buffer means comprises a plurality of CMOS 
inverters serially connected to one another, said oscil- 
lating means comprises a CMOS ring oscillator, and 
said smoothing circuit means comprises a capacitor. 
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ABSTRACT 



A sample and hold comparator fabricated with emitter cou- 
pled logic using only one transistor-type, resistors, and inter- 
connects and including a differential comparator and logic cir- 
cuit for comparing an input signal Wi„ with a reference signal 
WftKr in response to a short duration sample and hold pulse 
Vs/M to produce a digital ONE or ZERO output signal depend- 
ing upon whether the compared input signal is above or below 
the reference signal. The differential comparator and logic cir- 
cuit being further responsive to a regenerative feedback signal 
produced by a differential amplifier in response to the output 
signal for latching or holding the state of the sample and hoU 
comparator at the comparison state so that it is not further 
responsive to variations in the input signal Vijy until after a 
reset pulse yaBser is received by it for clearing the sam|de and 
hokl comparator circuitry. 

18 Claims, 3 Drawing Flgyns 
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HIGH-SPEED SAMPLE AND HOLD SIGNAL LEVEL HO. 3 is another embodiment of input signal waveform it- 

COMPARATOR lustrated as a three level combined reset» sample, and hold 

pulse. 



BACKGROUND OF THE INVENTION 



DESCRIPTION OF THE PREFERRED EMBODIMENT 



This invention relates generally to logic circuitry and relates 

more particularly to a sample and hold signal level comparator The sample and hold comparator 12 illustrated in FIG. 1 

of a type which can, for example, be utilized in analog-to- compares the voltage magnitude of an input signal Vw with 

digital converters and other circuits. the voltage magnitude of a reference voltage Wnsy during the 

There is a need for sample and hold comparator circuits durationofasampleandholdpulse V^/m (FIG. 2) toproducea 
having small sampling aperture times so that high speed opera- positive voltage level output signal Vo which has been ar- 
tion can be attained. Heretofore, sample, hold, and reset bitrarily designated as a digital ONE when the magnitude of 
operations have been accomplished with combinations of a input voltage V/jy exceeds the reference voltage Wrsf mag- 
plurality of circuit components. For example, a separate sam- nitude and to provide a relatively negative voltage output 
pie and hold circuit has been utilized for sampling the instan- 1 5 signal Vo which is arbitrarily designated as a digital ZERO 
taneous magnitude of an input signal voltage and temporarily when the input voltage V,^ is less than the reference voltage 
holding this sampled value. A standard comparator amplifier \ref* 

sensed the relative magnitude of the temporarily held sampled Hereinafter when a pulse voltage signal or a voltage level is 

signal with respect to a reference voltage level and sub- referred to as being high, or going high, this should be un- 
sequently generated a logical ONE or ZERO output depend- 20 derstood as being high relative to the signal *s more negative 

ing upon whether the sampled value of the input signal was voltage state. Conversely, when the pulse signal or signal level 

greater than or less than the compared reference signal. is referred to as being low or going low, this is now relative to 

Thereafter, an output memory flip-flop stored and detected its more positive voltage level. Furthermore, when signal 

ONE or ZERO sign^ until required for subsequent use. levels are referred to this is intended to, refer to voltage levels 

The objectives of a sample and hold comparator having 25 unless otherwise stated, 

small sampling apertures and high operating speed can be at- As will be explained in more detail, the state of the output 

tained with the provision of a comparator and switching logic signal Vo is used by the sample and hold comparator 12 to 

which compares the voltage of an input signal with a reference produce a regenerative feedback signal V^ that latches the 

signal and which has high speed switching capabilities in output signal state Vo so that the sample and hold comparator 

response to input signals such as reset pulses, sample and hold 12 is not further responsive to variations in the input signal V^ 

pulses, and latching capabilities in response to a regenerative until a high reset pulse Wbesbt is subsequently received. The 

feedback signal. A preferred embodiment is featured by reset pulse Vrbsbt resets the sample and hold comparator's 

emitter coupled logic gates preferably fabricated from NPN- circuitry to an initial condition before any new voltage level 

transistors, resistors, and interconnect lines and which magnitude comparisons can be made between the input signal 

transistors are operable in their active regions below satura- Vts 2uid the reference voltage V^^f. 

tion. Advantages of the regenerative feedback is that it More specifically, the sample and hold comparator 12 is 

enhances switching speed and signal sensitivity as a result of a cleared and reset between the times to and h in response to a 

short signal propagation path within the sample and hold com- reset pulse Voeset graphically illustrated in RG. 2, For exam- 

parator between the input V/j^ and the output of a feedback 49 pie, at time /q the leading edge of the high reset pulse Wresst 

amplifier. In addition, the embodiment has the advantage of which can, for example, be 1 to 2 nanoseconds in duration is 

being capable of fabrication on a single wafer by integrated received at one input terminal of a comparator and switching 

circuit techniques since all of the transistors are of the same logic circuit 14 which produces an output signal Ct related to 

type and the only passive elements are re^stors and intercon- the relative voltage magnitudes between the input signal Vw 

nect lines. Furthermore, the circuit has the advantage of tern- 45 and the reference signal Vjup. The level of this output agnal et 

perature compensation since the transistors have emitter-base controls the state of the output signal Vo in response to a sam- 

voltage matches having low temperature coefficients whereu- pie and hold pulse Wsih, holds the state of the output signal Vo 

pon changes in temperature affect all transistors the same in response to the feedback signal Vfs, and clears the sample 

since the transistors temperature track equally, especially and hold comparators circuitry to produce the low output Vo 

when the circuit is fabricated on a single wafer. Consequently, 50 in response to the reset signal Vrrsbt' It should be pointed out 

there is a reduced need for precision in the voltage levels of that the most positive voltage level of these four input signals* 

the sample and hold pulses and reset pulses. Furthermore, the waveforms applied to the comparator and switching logic 14 

circuit is capable of improving the speed of operation in are related to each other in the following manner: V reset > 

analog-to-digital converters and eliminates the need for ^fb > ^sih > yis*^RESET> ^fb > ^sih > ^ReF\^d\itEF'^ 

separate sample and hold circuits, comparator circuits, and witiiin full range of V/m- As will be explained, the signal having 

output memory circuits. . the most positive voltage level at any instant of time dominates 

^^,*^r^ w^r^^^w^ww*0w^^^, ^^^ww' a .«»...T^r. ^ic comparator and switching logic circuit 14 by overriding all 

BRIEFDESCRIPTIONOFTHEDRAWINGS other input signals. 

Other objectives, features, and advantages of this invention Assuming that the input signal \iN has a voltage magnitude 

will become apparent upon reading the following detailed Jess than the reference voltage Vref, the sample and hold 

description and referring to the accompanying drawings comparator 12 is reset between the times to and tt by a reset 

wherein: pulse VaKssT applied to the base terminal of an emitter cou- 

FIG. 1 is a schematic circuit diagram of the sample and hold pled logic transistor 16 to turn NPN transistor 16 on. Coupled 
comparator including: a comparator and switching logic that 55 in parallel circuit relationship with the emitter coupled logic 

receives an input signal V,jv, a reference signal WgEFt a sample transistor 16 are emitter coupled logic NPN-transistors 18 and 
and hold pulse V^;,,, a reset pulse ^resbt> and a feedback 20 in a first circuit branch. The emitter terminals of these 

signal Vf-B; a buffer amplifier for producing a digital output three NPN-transistors are coupled to one end of a common 

signal Vo', and a feedback amplifler responsive to the output emitter resistor 22 which operates as a current source and 
signal for producing a regenerative feedback signal V« which 70 which has the other end coupled to a DC emitter voltage V^g. 

latches the circuit in its compared condition; The collector terminals of these transistors are coupled to one 

FIG. 2 is a timing chart graphically illustrating the end of a common collector resistor 24 which has its other end 

waveforms of the reset pulse V reset and the sample and hold connected to a DC collector voltage Vci. The emitter voltage 
pulse VstH relative to each other and the minimum level of V^, and the collector voltage Vci are selected to operate the 
input signal Vm that the circuit of FIG. 1 will operate on; and 75 transistors in their active regions below saturation in response 
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to the base terminal input signals received by the comparator For amplification, the base terminal of an emitter follower 

and switching logic 14. The base terminal of transistor 18 is NPN-transistor 46, which operates as a current amplifier, 

coupled to receive the sample and hold pulse Vsim and the receives the collector voltage signal from the differentiai am- 

base terminal of tranastor 20 is coupled to receive the plifier to also decrease current flow from its collector ter- 

reference voltage V^^^. 5 minal, which is coupled to the collector voltage V^, to the 

In addition, the base terminal of an emitter coupled logic emitter terminal. The emitter terminal of transistor 46 is cou- 

NPN transistor 26 is coupled to receive the input voltage pled to a diode connected transistor 4S. 

signal V,^ which transistor is in turn coupled in parallel circuit To reset the voltage level of the feedback signal V^a. diode 

relationship with an emitter coupled logic NPN-transistor 28 connected transistor 48 is responsive to the emitter output 

in a second circuit branch. The base terminal of emitter cou- 10 from Uansistor 46 to rereference by DC shifting the voltage 

pled logic transistor 28 is coupled to receive a feedback volt- level of the feedback signal V^a produced at its emitter ter- 

age Vpfl. The emitter terminal of transistor 28 is coupled in minal to a voltage range where the low voltage level of the 

common with the emitter terminal of transistor 26 to one end feedback signal V,.b is lower than the lowest voltage of any ac- 

of the emitter resistor 22, and their collector terminals arc ceptable input signal and the high voltage level of the 

coupled in common to the coUector voltage Vd- As a result, 1^ feedback V^a is higher than the most positive voltage level of 

the emitter coupled logic transistor operates as a logical dif- acceptable input signal V/^. Structurally, the diode con- 

ferential comparator amplifier. nected resistor 48 has its base terminal connected directly to 

Operationally, since the high level of the reset pulse V beset collector terminal whereupon both will receive the emitter 
is more positive than the most positive levels of the sample and signal from transistor 46. The emitter terminal of NPN- 
hold signal Vsih and the most positive level of the input signal transistor 48 is connected to one end of an emitter resistor 50 
V,j, during the time t^t^, the emitter coupled logic traiisistor which has its other end coupled to an emitter voltage V«. The 
16 is turned on and all of the other emitter coupled logic emitter voltage Va is a pulldown voltage which establishes 
transistors 18, 20, 26 and 28 are turned off. The resultant col- current flow through the emitter reastor 50 for all signal con- 
lector cunent flow through the transistor 16 increases the ^^^ons. The feedback signal V,,e produced at the junction 
voltage drop across resistor 24 and results in a drop in the volt- between the emitter of transistor 48 and one end of enutter re- 
age level of the output signal e, at the junction between one ^istor 50 tapped by a feedback line 52 is appUed to the com- 
end of the collector resistor 24 and the common collector ter- P^^or and switching logic 14. Operationally, a decrease m 
mimdstoitslowleveUThisvoltagesignal^.isfedtoanemitter ^""^^f^ transistor 46 ^uses a coiresponding 
follower buffer tranastor 30. ^^^^^^ ^® current of diode connected transistor 

Theemitterfollowerbuffertransistor30isresponsivetothe whereupon the voltage drop across emitter resistor 50 

output signal e. from the comparator and switching logic 14 to decreases causmg a coaesponding drop m Ae fe^ 

produce Ae two state output Sgnal Voand to drive a feedback low leveK It shouW be noted that several diode 

kmplifler 36. Speciflcally, the voltage signal e. is applied to the connected t^nsisto^ 48 could be used or thataZem^r diode 

. *^ . • 1 r r i» u «r * • * u- u could be used for DC level shifting in Other embodiments, 

base terminal of emitter follower buffer transistor 30 which ^, r t %» i- ^ • .u u * • i 

Vci and Its emitter terminal coupled to one end of an emitter ^ v ^^u^ #ko koo-. •-^ 

. ^'L. J r> • ^ • t J ^ a lower level than the input signal Vm applied to the base ter- 

follower resistor 32. The other end of res.«or 32 .s coupled to ^ ^ n^Btransisti^ remain off. at least 

the emitter voltage V«,.Operat.ondly a decreases the volt- ^^^^^^ of the reset pulse V„5«- received by 

age ei applied to the base terminal of transistor 30 causes a 4Q t^^jj^jstQi. 16 

corresponding decrease in the coUector-emitter current con- 3^^^^^^ ^^^^ ^^^^ 

ducted therethrough. This decrease in the emitter current coincident with the reset pulse depending upon the 

causes a corresponding decrease in the voltage drop across J^^j^ti^^n ^ ^^^^ p^,^ y^^^ 

emitter resistor 32 whereupon the voltage level Co at the ^ ^^^^^ 1^^^, ^^re negative than the lowest ac- 

emitter terminal decreases. The voltage signal Co at the emitter 45 ceptable input signal voltage to turn off transistor 16 and 

terminal of transistor 30 is tapped by an output line 34 to pro- t^e sample and hold pulse Wsih remains at its high level to turn 

vide a low state output signal Vo which is indicative of a digital transistor 18 because the sample and hokl signal Vs,« now 

zero reset condition. In addition, tiie emitter voltage of jj^s a voltage level higher tiian tiie reset signal Wresbt, the 

transistor 30 is fed to the feedback amplifier 36. reference signal V/uif. Ac input voltage V,^, and the feedback 

The feedback amplifier 36 is responsive to the emitter volt- 50 signal V„. As a result, the level of the output signal e, from 

age €0 from the emitter follower buffer transistor 30 to the comparator and switehing logic 14 remains low whereu- 

produce a regenerative feedback signal Wyg that is fed to the the conducting states and signal levels of the remainder of 

comparator and switching logic 14. Speciflcally, the emitter circuit, and the associated output signal Vo and feedback 

signal is applied to the base terminal of an NPN-tiansistor 38 signal V^s remain substantially the same, except for substan- 

that forms one branch of a differential amplifier. The collector 55 tially insignificant tranaent variations, 

terminal of transistor 38 is coupled to a collector voltage \ci If the combined three level reset; sample and hold signal 

and the emitter terminal is coupled to one end of an emitter Vj|£^, s/jr is used and applied to the base terminal of 

resistor 40. The other end of emitter resistor 40 is coupled to transistor 16, for example, the tranastor 18 could be removed 

theemittervoltageVf,. Coupled in parallel with the transistor from the comparator and switehing logic 14 since one 

38 is an NPN-transistor 42 in a second branch which has its 60 transistor 16 would control the operations of reset, sample and 

emitter terminal coupled to the one end of emitter resistor 40 hold. 

and its collector terminal coupled to one end ofa collector re- For the assumed signal condition of input voltage 

sistor 44 which, in turn, has its other end coupled to the col- greater than the reference voltage ^sef, at time tt the sample 

lector voltage Vd. The base terminal of voltage amplifying and hold pulse Vstn goes low to a voltage level more negative 

transistor 42 is coupled to receive a DC base bias voltage Vs 65 Uian the minimum input voltage V,jv. Thus, since the voltage 

which is selected to have a voltage level between the most of input signal V/m is greater than the voltages of any of the 

negative voltage of output signal applied to the base ter- other input signals including the reset signal yRsssr* the sam- 

minal of transistor 38 and the most positive voltage of signal pie and hold signal VsiHt the reference voltage Vagpi and the 

Thus, since the voltage of the low signal £0 applied to the reset feedback voltage \f8* transistor 26 is turned on while 

base of transistor 38 is more negative than the base bias volt- 70 transistors 16, 18, 20, and 28 are turned off. The resulting 

age V|, applied to transistor 42, transistor 38 is turned off and decrease in current flow through collector resistor 24 causes a 

transistor 42 is turned on. The resultant collector current decrease in the volt^ drop thereacross and a corresponding 

through collector resistor 44 causes an increase in the voltage increase m the output voltage level e, from the comparator 

drop thereacross and a corresponding decrease in the collec- and switching logic 14 during the time period during the times 

tor voltage. ^5 /tandfj. 
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The voltage level of the output signal produced by the Vo. In addition, this emitter voltage Co applied to feedback am- 
emitter follower buffer transistor 30 goes high in response to plifier 36 turns off transistor 38 while transistor 42 is turned 
the high output level e, received at its base terminal from the on by the base bias voltage causing a decrease in the col- 
comparator and switching logic 14. Operationally, as the volt- lector voltage. This decreased collector voltage applied to the 
age «i goes high, emitter follower buffer transistor 30 conducts 5 base terminal of transistor 46 decreases its emitter current 
more current causing an increase in the emitter current which is fed to the diode connected transistor 48 which in turn 
through the emitter follower resistor 32 thereby increasing the decrease its emitter current. This results in a decrease in the 
voltage drop thereacross. This increase in the voltage drop voltage level of the feedback signal Vfb to a level more nega- 
resulls m an increase in the voltage Co at the emitter terminal tive than the lowest acceptable input signal \,n, 
which is tapped by output line 34 to produce the output signal 10 it should be noted that although a substantial hold period 
Vo and which is applied to the feedback amplifier 36. This can occur between time h and the next /o, the sample and hold 
high output signal Vq is indicative of a digital ONE cor- comparator 12 is capable of high sample rates, 
responding to the condition of the input voltage V,jv exceeding Assuming a second input condition of the magnitude of the 
thereference voltage V«^,. input voltage Wts being less than the magnitude of the 

The feedback amplifier 36 is responsive to the level of out- 1 3 reference voltage V„p. the sample and hold comparator 12 is 

put signal to produce a regenerative feedback signal V^a i„ the same reset operating condition between times f, and f, 

which has a high voltage level more positive than the max- ^ previously described 

imum voltage level of any operationally acceptable input At time the sample and hold pulse goes from its dominant 

signal V,^. Specifically since the base bias voltage V« applied ^ost positive voltage level to a low level more negative than 
to the base terminal of transistor 42 has been selected to be at 2" the minimum input voltage V,^. Consequently, the reference 

a voltage level more negative than the maximum voltage level .^Itage V«,., applied to the base terminal of transistor 20 

^«l!!^it'i^?^^^^^^^^ output signal applied to the becomes the most positive voltage signal received by the com- 

t . A • T'^'T ^5 '"""^^ ^^i^u^ P^f^^°^ switching logic 14 whereupon transistor 20 con- 

tons^tor 38 is umed on. As transistor 42 is turned off the ^^.ts and transistors 16 18. 26. and 2» are turned off. This 

collector current flow throueh collector resistor 44 decreases *i. ^ . ■ t e Ix. ^ - 

« A^^.^^. • ♦u T* ^ uci.ica«» causes the output signal ei from the comparator and switching 

causing a decrease in the voltage drop thereacross and a cor- logic to remain low 

responding increase in the collector terminal voltage. Tn»« u * • * .i. . 

-ri.:o:-™,«j««ii-»»^.»«— .- i u J. *u i- emitter follower buffer transistor 30 receives the ow 

This increased collector terminal voltage applied to the base ^..t^..* • j •* w i • 

terminal of emitter follower transistor 46 cai^ an increase in T*^"' *f =° ""^ ^""•^'''ne og.c 14 to ma.n- 

the emitter current that is fed to the diode connected T^T^Zfonrv .„Tr"^Til'^ 

transistor 48. This, in tur™ causes an increase in the emitter f 8"'' V -i-^ , ipon ^"a ^*"' 

current of diode comiected transistor 48 through the emitter m"af«8n^«. « tow for a digital ZERO cond^^^^^ 

resistor SO. This increase current flow through emitter resister ^'"^ » "PP'**" ^ 

50 causes an increase in the voltage drop thereacross and a ^"llE,' . . . , 

corresponding increase in the voltage developed at its junction V"' feedback amplifier 36 ^ r^ponsive to the output signal 

with emitter terminal of transistor 48. As previously stated. ^^"^ f'LTT' l"^*"^'" 

since the emitter voltage and the DC rereferencing level ^? '^^^ l^"" V„, Specifically since the signal ap- 

produced by the diode connected transistor 48 have been l^'"^^? the base terminal of transistor 38 is lower than the 

selected to place the maximum voltage of feedback signal V„ 5f ^^a^.^ol^age Va applied to the base termmal of transistor 

to a level greater than the maximum voltage of input signal "^^^ transistor 38 is turned off and transistor 42 is turned on 

V,^. the feedback voltage V„ selectively turns on emitter cou- ^^51^^ mcreasing current flow through the collector resistor 

pled logic transistor 28 whereupon transistor 26 is turned off. resultant voltage drop across resistor 44 causes a 

At the comparator and switching logic transistor 28 then decrease in the collector terminal voltage which is applied to 

becomes the dominant transistor since it has the most posiUve 45 terminal of an emitter follower transistor 46. This 

voltage signal applied to its base terminal thereby latohing the ^^"^^^ ^ decrease m the emitter current in transistor 

sample and hold comparator 12 in its digital ONE state by the resulting m a corresponding decrease in the collector 

timers. The time duration for this latching operation between emitter current in diode connected transistor 48. The 

times r, and has been determined to be 1 to 2 nanoseconds decrease current flow through emitter follower resistor 50 
for selected circuits. Of course, it should be understood that 50 ^^^"^^^ ^ decrease in the voltoge level of the feedback signal 

for lower signal levels the response speeds of the transistors ^'"b to a low voltage level less than the minimum voltage level 

would increase whereupon the time duration for the latching of the input signal Win. 

operation would decrease; and for higher signal levels less comparator and switching logic 14 is responsive to the 
than the saturable levels of the transistors their operating feedback signal V^a and the remaining input signals so 
speeds would be decreased to decrease the speed of operation 55 t**at the reference signal Vref. between times r, and r,, 
ofthis circuit. Once the circuit is latched and held into its sam- remains the most positive voltage signal received. Con- 
pled state, variations in the input signal V,jv will not thereafter sequently. emitter coupled logic transistor 20 remains on 
affect the level of output signal Vo since the feedback signal while transistors 16. 18, 26, and 28 remain off. Thus, the cir- 
VpB is the most positive signal received by the comparator and euit operating conditions remain the same and the output 
switching logic 14 until the next subsequent reset pulse is 60 signal Vo is low for a digital ZERO for the condition when the 
received. input signal Vts has a lower voltage level than the reference 

At time the next subsequent reset pulse Wresbt is received signal yggf- 

by the sample and hold comparator 12 whereupon the output At time r, the sample and hold pulse Vsih goes more positive 

signal Vo goes tow to digital ZERO as the circuit is cleared for than the maximum input signal V^. As a result, the sample 
the next sampling operation. Specifically, since the high level 65 and hold pulse Vsih applied to the base terminal of emitter 

of the reset pulse V beset is more positive than any other input coupled logic transistor 18 turns it on whereas the lower level 

signal, including the high feedback signal Wpa* transistor 16 is voltages applied to the base terminals of transistors 16. 20, 26. 

turned on and dominates the circuit current flow while and 28 turn them off. Consequently, the output signal Ci from 

transistors 18. 20. 26, and 28 are turned off. Thereafter, the the comparator switching logic 14 remains low. 
sample and hold comparator 12 returns to the circuit condi- 70 The base of emitter follower buffer transistor 30 receives 

tion described previously for the time period between times the signal ex and remains at its low conducting state. This low 

and ri. For example, the output signal Ci from the comparator level of emitter current results in the lower voltage drop across 

and switching logic goes low base biasing emitter follower emitter follower resistor 32 resulting in the low level emitter 

buffer transistor 30 so that the emitter current decreases caus- voltage Co- This emitter voltage is fed on output line 34 as the 
ing a decrease in the emitter voltage eo and the output voltage 75 low output signal Vq representative of a ZERO. 
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Similarly, the operation of the feedback amplifier 36 7. The sample and hold comparator of claim 6 in which two 

remains the same with transistor 38 off and transistor 42 on. of said plurality of emitter coupled logic transistorB of said 

The low level collector voltage for transistor 42 base biases comparator logic means are operably responsive to the sample 

emitter follower transistor 46 so that it continues to conduct at and hold voltage so that the greatest relative magnitudes of the 
its low level. Similarly, diode connected transistor 48 conducts ^ input voltage and the reference voltage to selectively turn on 

at its low level so that the emitter current produces a low vott> one of said emitter coupled logic transistors to produce an 

age drop across emitter follower resistor 50. Consequently, output voltage of the first level of the second level respective- 

the feedback voltage V^e remains at its low level which is less ly. 

than the minimum voltage level for any expected input signal 8. The sample and hold comparator of claim 7 wherein one 
Vf/v- of said plurality of emitter coupled logic transistors of said 
The comparator and switching logic 14 receives the input comparator logic means is responsive to the feedback voltage 
signals such that the sample and hold pulse Vs,h applied to the such that the reference voltage and the sample and hold volt- 
base terminal of emitter coupled logic transistor 18 which is age are operable to produce the second level output voltage of 
now the most positive voltage signal input. Consequently, said comparator logic means when the reference voltage is 
tranastor 18 is turned on and transistor 20 is turned off. relatively greater than the input voltage and the input voltage 
Transistors 16, 26, and 28 remain off. The operating condition and the feedback voltage are operable to produce the first 
of remainder of the sample and hold comparator 12 remains level output voltage if the input voltage is relatively gt^ater 
substantially the same and the level of output signal from than the reference voltage. 

the comparator and switching logic 14 remains the same. 20 9. The sample and hold comparator ofclaim 8 in which said 

Thus, the level of the output signal Vo from buffer transistor comparator logic means includes a plurality of emitter cou- 

30 remains at its low level digital ZERO. Thus, the sample and pled logic transistors coupled as a logical differential amplifier 

hold comparator circuit 12 is effectively latched in its hold having a first circuit branch with a first, a second, and a third 

state and will not be affected by voltage variation in the input transistor each with their collector terminals and their emitter 
signal V/jv until the next high reset pulse \/ reset is received. 25 terminals respectively coupled in common, the base terminals 

Although the embodiment has been disclosed utilizing only of individual ones of said three transistors being coupled to 

one transistor type, it is feasible to construct other embodi> receive the reset voltage, the sample and hold voltage, and the 

ments using a combination of active circuit types and that it is reference voltage, respectively, and a second circuit branch 

feasible to construct embodiment using PNP-transistors. Thus. including a fourth and a fifth emitter coupled logic transistor 
while salient features have been illustrated and described with 30 havmg their emitter terminals and their collector terminals 

respect to a particular embodiment^ it should be readily ap- respectively coupled in common circuit relationship and their 

parent that modifications can be made within the spirit and base terminals respectively coupled to receive the input volt- 

the scope of the invention. age and the feedback voltage. 

What I claim is: 10. The sample and hold comparator of claim 9 in which 

1 . A sample and hold comparator comprising: 35 said feedback amplifier includes a differential amplifier having 
comparator logic means including a plurality of emitter cou- a first transistor coupled to receive a voltage correspondmg to 

pled logic transistors, having a common output circuit, the output voltage at a base terminal and a second transistor 
said transistors being selectively coupled to receive at coupled to receive a base bias voltage at a base terminal such 
their respective base terminals individual ones of a plu- that said first transistor is turned on and said second trandstor 
rality of input voltages including an input voltage, a ^0 is tuned off when the received output volUge is at one of the 
reference voltage, a reset voltage, a sample and hold volt- first and second levels and said second transistor is turned on 
age and a feedback voltage, amplifier means coupled to and said first transistor is turned off when the received output 
said common output circuit and operable when said sam- voltage is at the other of the said first level and second level, 
pie and hold voltage is applied for producing an output impedance means coupled to the collector terminal of one of 
voltage of a first level if said input voltage is less than said said transistors in said differential amplifier to produce a volt- 
reference voltage, and an output voltage of a second level age corresponding to the level of the received input signal, and 
ifsaid input voltage is greater than said reference voltage; transistor means coupled to receive the last said voltage to 
a>wl produce a regenerative feedback voltage of a first level having 
feedback amplifier means responsive to the level of said ^ a minimum voltage level relatively greater than the maximum 
output voltage for regeneratively producing said feed- expected input voltage and of a second level having a voltage 
back voluge which is operable to maintain said output level relatively less than the maximum expected input voltage 
voltage of said comparator logic means. level, the first and the second levels of the feedback voltage 

2. The sample and hold comparator ofclaim 1 in which said corresponding to the levels of the output voltages, 
transistors are only operable in their active regions below satu- 11. The sample and hold comparator ofclaim 10 in which 
T^on. said transistor means coupled to receive the output signal of 

3. The sample and hold comparator of claim 2 in which all said feedback amplifier includes means for rereferencing the 
ofsaid transistors are ofthe same transistor type. voltage level of the feedback voltage signal relative to the 

4. The sample and hold comparator of claim 1 in which all input voltage range. 

ofsaid transistors are NPN transistors. 12. The sample and hold comparator of claim 10 in which 

5. The sample and hold comparator of claim 1 which all of said transistor means coupled to receive the output voltage of 
said transistors are of the same transistor type. said feedback amplifier to produce a feedback voltage in- 

6. The sample and hold comparator of claim 1 wherein said eludes diode connected Uansistor means for rereferencing the 
comparator logic means further includes an emitter coupled voltage level of the feedback voltage relative to the input volt- 
logic transistor coupled to receive at a base terminal a reset 65 age range. 

voltage which overrides the other applied voltages when the 13. The sample and hold comparator of cl^ 12 further in- 

reset voltage is at a level that relatively exceeds the level of the eluding buffer means including an emitter follower transistor 

other applied voltages to switch the output voltage of said having a base terminal coupled to receive the output voltage 

comparator logic means to the first level during the time ofthe of said comparator logic means and an emitter terminal cou- 
reset voltage, and a second emitter coupled lo^c transistor 70 pled to an emitter follower resistor, and the output voltage 

coupled to receive at a base terminal a sample and hold volt- being produced by the voltage drop across said emitter fol- 

age which overrides the other applied voltages to switch the lower resistor. 

output voltage of said comparator logic means to the first level 14. The sample and hold comparator ofclaim 1 wherein two 

when the sample and hold voltage is at a level that relatively of said plurality of emitter coupled lo^c transistors of said 
exceeds the level of the other applied voltages. 75 comparator logic means are operably responsive to the sample 
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and hold voltage so that the greatest relative magnitudes of the 
input voltage and the reference voltage to selectively turn on 
one of said emitter coupled logic transistors to produce an 
output voltage of the first level or the second level respective- 
ly. 

15. The sample and hold comparator of claim 14 wherein 
one of said plunUity of emitter coupled logic transistors of said 
comparator logic means is responsive to the feedback voltage 
such that the reference voltage and the sample and hold volt- 
age is operable to produce the second level output voltage of 
said comparator logic means when the reference voltage is 
relatively greater than the input voltage and the input voltage 
and the feedback voltage are operable to produce the first 
level output voltage if the input voltage is relatively greater 
than the reference voltage. 

16. The sample and hold comparator of claim 15 in which 
said feedback amplifier includes a differential amplifier having 
a first transistor coupled to receive a signal corresponding to 
the output voltage at a base terminal and a second transistor 
coupled to receive a base bias voltage at a base terminal such 
that said first transistor is turned on and said second transistor 
is turned off when the received output voltage is at one of the 
first and second levels and said second transistor is turned on 
and said first transistor is turned off when the received output 



,361 

10 

voltage is at the other of the said first level and second level, 
impedance means coupled to the collector terminal of one of 
said trandstors in said differential amplifier to produce a volt- 
age corresponding to the level of the received input voltage. 
5 and transistor means coupled to receive the last said voltage to 
produce a regenerative feedback voltage of a first level having 
a minimum voltage level relatively greater than the maximum 
expected input voltage and of a second level having a voltage 
level relatively less than the minimum expected input voltage 
level, the first and the second levels of the feedback voltages 
corresponding to the levels of the output voltages. 

17. The sample and hold comparator of claim 16 in which 
said transistor means coupled to receive the output voltage of 

. said feedback amplifier includes means for rereferencing the 
voltage level of the feedback voltage relative to the input volt- 
age range. 

18. The sample and hold comparator of claim 16 in which 
said transistor means coupled to receive the output voltage of 

2Q said feedback amplifier to produce a feedback voltage in- 
cludes diode connected transistor means for rereferencing the 
voltage level of the feedback voltage relative to the input volt- 
age range. 

* • * * * 
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ABSTRACT 



A complementary inverter amplifier circuit comprising 
a complementary inverter including a p-channel MIS 
FET connected to a first source potential, an n-channel 
. MIS FET connected to a second source potential, the 
gate of the two FETs being applied with a common 
linear input, respective load resistors connected to the 
drains of the complementary FETs, an output being 
derived from the interconnection point of the load resis- 
tors or from the drains of the FETs, and a bias resistor 
connected between the gate and the drain of each of the 
complementary FETs, the input being supplied to the 
gates of the FETs through respective capacitors. The 
p-channel FET and n-channel FET are individually 
biased so that the circuit may serve as a class B push pull 
amplifler of low power consumption. 



16 Claiins, 8 Drawing Figures 
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CLASS B FET AMPUFIER CIRCUIT 

Matter enclosed in heavy brackets [ ] appears in the 
origiaal patent but forms no part of this reissoe specifica- S 
tion; matter printed in italics indicates the additions made 
by reissue. 

BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION 

This invention relates to an amplifier circuit and more 
particularly to a complementary metal-insulator-semi- 
conductor (C-MIS) amplifier circuit comprising a p- 
channel metal -insulator-semiconductor field effect tran- ^ ^ 
sistor (referred to as MIS FET or simply as FET, here- 
inbelow) and an n-channel MIS FET. 

2. DESCRIPTION OF THE PRIOR ART 
Conventionally, such a circuit as shown in FIG. 4 has 

been known as a crystal oscillator circuit used in an 
electronic wrist watch from U.S. Pat. No. 3,676,801 
issued to F. H. Musa, an American publication, "RCA 
COS/MOS Integrated Circuits Manual" by RCA Cor- 
poration, pages 192 to 205, 1972, etc. The circuit of 
FIG. 4 basically comprises a C-MIS inverter circuit 25 
including an n-channel FET Mj, and a p-channel FET 
Mp, and a positive feedback circuit or a regenerative 
feedback loop connected between the input and output 
terminals of the inverter circuit and including a crystal 
oscillator X and capacitors Co and Q?. A resistor R/> 3Q 
provided at the output of the amplifier circuit serves to 
stabilize the oscillation frequency. 

Such a circuit as described a^ve, however, has a 
problem in that the power consumption becomes large. 
This can be described as follows. 35 

When the complementary inverter amplifier circuit 
constituting the main part of the osciUator circuit is 
driven with a complementary digital input signal with- 
out other components, the period during which both 
complementary FETs are turned on is very short and 40 
the power consumption due to the dc current passing 
through the two FETs caused little problem since the 
complementary FETs operate in a push-pull manner. 
When a lineaxi (e.g.. a sinusoidal) signal as shown in 
FIG. 5 is applied to the input terminal, however, the 45 
period during which the two FETs operate in the trans- 
fer region or in the neighborhood of the switching point 
(the region between the threshold voltages Vthn and 
Vihp of the FETs Mn and Mp, i.e., the hatched region Y 
in FIG. S) becomes long and the power dissipation so 
increases. 

SUMMARY OF THE INVENTION 

An object of this invention is, therefore, to provide a 
complementary inverter amplifier circuit of low power SS 
consumption. 

Another object of this invention is to provide a com- 
plementary inverter amplifier circuit accompanied with 
no loss current through MIS FETs which occurs due to 
the threshold voltage of the MIS devices in the case of 60 
amplifying a linear input. 

A further object of this invention is to provide a 
complementary MIS inverter amplifier circuit serving 
as a linear amplifier means in an oscillator circuit and 
having an arrangement of preventing a loss or invalid 65 
current through the inverter in supplying an oscillation 
output to a waveform shaping MIS inverter of the fol- 
lowing stage. 



Another object of this invention is to provide a com- 
plementary MIS inverter amphfier circuit capable of 
monolithic integration and adapted for use in the circuit 
requiring low power consumption such as a micro- 
power crystal-controlled oscillator in an electronic 
timepiece such as an electronic wristwatch. 

Another object of this invention is to provide a com- 
plementary MIS inverter amplifier circuit having a 
complementary MIS inverter biased to serve as a class 
B push-pull amplifier. 

According to one aspect of this invention, there is 
provided a complementary inverter amplifier compris- 
ing a complementary inverter including a first FET of a 
first conductivity type connected to a first source po- 
tential and a second FET of a second conductivity type 
connected to a second source potential, an input being 
applied commonly to the gates of the first and the sec- 
ond FETs, the amplifier comprising a first and a second 
load resistors connected in series between the first and 
the second FETs, bias resistors connected between the 
gate and the drain of the first and the second FETs, an 
input being supplied to the gates of the FETs through 
respective capacitive elements and an output being 
derived from the interconnection point of the first and 
the second load resistors or from the drains of the first 
and the second FETs thereby providing a class B push- 
pull amplifier function. 

These and other objects, features and advantages of 
the present invention will become more apparent from 
the following detailed description of the invention 
when taken in conjunction with the accompanying 
drawings. 

BRIEF DESCRPIPTION OF THE DRAWINGS 

FIG. 1 is a circuit diagram of a complementary in- 
verter amplifier according to an embodiment of this 
invention. 

FIG. 2 shows voltage transfer characteristic curves 
for illustrating the operation of the circuit of FIG. 1. 

FIG. 3 is a circuit diagram of an oscillator circuit 
including an embodiment of the amplifier circuit ac- 
cording to this invention. 

FIG. 4 is a circuit diagram of a conventional oscilla- 
tor circuit. 

FIG. 5 is a graph for illustrating the reason for allow- 
ing a loss through<urrent in the conventional circuit of 
FIG. 4. 

FIG. 6 is a circuit diagram of a complementary MIS 
FET amplifier according to another embodiment of this 
invention. 

FIG. 7 is a circuit diagram illustrating a modification 
of FIG. 1. 

FIG. 8 is a sectional view of an MIS capacitor illus- 
trating an ac coupling capacitor used in the present 
amplifier. 

Throughout the drawings, the same reference letters 
or characters indicate the same parts. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

FIG. 1 shows a complementary inverter amplifier 
according to an embodiment of this invention, in which 
the circuit is arranged to operate as a class B push-pull 
amplifier by appropriately selecting the operational bias 
point of each of FETs Mn and Mp and to achieve reduc- 
tion of the power consumption. 

An n-channel enhancement mode FET M„ (grounded 
source) connected to a potential source —Vdd and a 
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p-channel enhancement mode FET Mp (grounded 
source) connected to a different potential source Vss, 
ground in this example are connected in a series fashion 
to form a complementary inverter. Here, between the 
complementary FETs M„ and Mp, two load resistors 5 
Ru and of equivalent resistance are connected in 
series. Further, biasing resistors R/n and Kfi are con- 
nected for the FETs Mn and Mp between the gate and 
the drain thereof, respectively. The gate of the FETs 
Mn and M^are supplied with a common input signal V/n 10 
through respective capacitors Ci and C2 for ac cou- 
pling. An output Vout of the circuit is derived from the 
interconnection point of the load resistors R^i and R^z- 
Letters C, D, A and B denote various points shown in 
the figure, i.e., the gates and drains of the FETs. The IS 
purposes of this invention can be achieved by the above 
structure as will be apparent from the following de- 
scription of the operation of the circuit. 

In FIG. 2, the ordinate represents the output voltage 
of the FET and the abscissa the input voltage. The solid 20 
curve represents the relation between the voltages c and 
a at the gate C and the drain A of the FET Mn, i.e.. the 
voltage transfer characteristic curve of the FET M„, 
while the broken curve represents the relation between 
the voltages d and b at the gate O and the drain B of the 25 
FET Mp, i.e., the voltage transfer characteristic curve 
of the FET Mp. The biasing resistors Rfi and Rf2 serve 
to equalize the dc levels of the gate and the drain volt- 
ages of the FETs Mn and Mp, respectively. The lower 
the biasing resistance, the better stabilized is the biasing 30 
voltage, while the higher the biasing resistance, the 
higher held is the amplification factor. Considering 
these properties, the resistances of the biasing resistors 
Rf\ and Kf2 may be selected as approximately 10 meg- 
ohms and may be formed of diffused resistors, polycrys- 35 
talline Si resistors or on-resistances between the source 
and the drain of FETs. In detail, the biasing resistors 
Rfi and Rfi may be formed of on-resistances of a trans- 
mission gate of high resistance in the range of several to 
several tens megohms, which is formed of complemen- 40 
tary MIS FETs to enable a monolithic integrated circuit 
form. The MIS FETs of the transmission gate are con- 
nected in parallel between the input and output termi- 
nals of the amplifier circuit. Here, the gate of the p- 
channel MIS FET is connected to the power supply 45 
voltage - V£>x>and the gate of the n-channel MIS FET 
to ground. Further, the higher is selected the resistance 
of the load resistors R/.1 and Rl2 compared to the on- 
resistance of the respective FETs, the steeper slope 
shows the voltage transfer characteristic curve and the 50 
closer the potential differential between the drain and 
the source (or gate-to-source) of each of the FETS M^ 
and Mp approaches the respective threshold voltage, the 
closer the biasing voltage approaches the threshold 
voltage, reducing the power consumption. Since the dc 55 
component in the input voltage V/n is blocked by the ac 
coupling or dc blocking capacitors C| and C2, the bias- 
ing points of the FETs M^ and Mp are determined sepa- 
rately and independently of the input signal level. 

When an input signal Vy„, e.g., a linear signal such as 60 
a sinusoidal wave by the oscillating operation, is ap- 
plied, the voltages at the gate points as shown by C and 
D in FIG, 1. of the FETs M„and Mp receiving the input 
signal through the respective capacitors C| and C2 are 
represented by the curves c and d in FIG. 2 respec- 65 
tively. Then, the FETS M^ and Mp having operational 
points as described above provide amplified outputs a 
and b at the respective drain points as shown by A and 



B in FIG. 1. A total output may take the combination of 
these signals a and b. 

Therefore, in the former half of the cycle the FET 
Mp is turned on to generate a signal at the point B and 
in the latter half the FET M^ is turned on the generate 
a signal at the point A. Namely, the output signal in the 
whole cycle has a waveform as shown by the hatched 
areas in FIG. 2. In this way, the two FETs of the com- 
plementary type take charge of the amplification in 
respective half cycles to totally perform the operation 
of a class B push-pull amplifier. 

According to the above structure, the present circuit 
performs the class B push-pull operation and hence the 
period during which the two FETS are both turned on 
becomes short. Thus, the period of allowing a through- 
current to pass becomes short and the power consump- 
tion is greatly reduced. 

The above analysis holds perfectly when the circuit 
operates ideally. In practical use, however, there re- 
mains a small possibility of momentarily allowing the 
tuming-on of both FETs, i.e., the flow of a through-cur- 
rent, from the relation to the operational speed of the 
FETs even in the above circuit. In such a case, how- 
ever, the through-current is limited in magnitude by the 
load resistors Ru and Rl2 and is almost negligible. 
Therefore, a complementary inverter amplifier of low 
power comsumption is provided. 

The present invention is not limited to the above 
embodiment and various alternations and modifications 
would be possible. 

For example, the output of the above complementary 
amplifier is derived from the interconnection of the load 
resistors Ru and Rtz connected in series between the 
conduction paths of the two FETS Mn and Mp in the 
above embodiment, but it may be replaced by those 
derived from the respective drains of the two FETs 
according to the use or purposes. An example of such a 
case is shown in FIG. 3 in which the inverter amplifier 
is used in an oscillator circuit. 

FIG. 3 shows a crystal-controlled oscillator circuit 
for use in an electronic wristwatch. The complemen- 
tary inverter circuit according to an embodiment of this 
invention is used as the ampliHer means and a positive 
feed-back circuit including a crystal oscillator X and 
capacitors Co and Cg is connected between the input 
and output terminals of the amplifier. Generally, an 
output signal Vout of this oscillator circuit is applied to 
a frequency divider circuit through a waveform shaping 
inverter which is also called a logic circuit. Here, the 
following problem arises. 

Since the load resistors Ru and Rti are provided in 
the complementary inverter of the oscillator circuit, the 
output Vout of the oscillator resembles a sinusoidal 
wave. Therefore, if such a sinusoidal wave is directly 
applied to an inverter of the next circuit stage, a 
through-current is allowed to pass through the inverter 
for a long period to increase the power consumption. 

Therefore, in the circuit of FIG. 3. the voltages Va 
and Vb at the respective drains of the FETs M^ and Mp 
are derived as the outputs of the complementary ampli- 
fier and are applied to the gates of an n-channel FET 
Mn/ and a p-channel FET Mp/ of a complementary in- 
verter, respectively, whose drain electrodes are con- 
nected in common to constitute an output terminal Vf. 
The source electrodes of the FETs Mn/ and Mp/ are 
connected to the operating potential sources — V^osind 
Vss respectively. The output of the complementary 
inverter is then supplied to a frequency divider G 
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through a waveform shaping inverter INV. In this ar- 
rangement, two amplified output signals Va and V^are 
supplied to the gates of the corresponding FETs Mn/ 
and Mp/of the complementary inverter in the next cir- 
cuit stage. Then» since no load resistor is used in this 
complementary inverter, a square wave is provided at 
an output terminal V^. Hence, the Ihrough-current in 
the waveform shaping inverter INV is minimized and 
an oscillator circuit of low power operation is provided. 

FIG. € shows a complementary MIS amplifier circuit 
according to another embodiment of this invention, in 
which an n-channel MIS PET M/^and a p-channel MIS 
FET M/»are connected in scries between two operating 
voltage terminals, one at — V^^and the other at a refer- 
ence level, e.g., ground. A resistor Kl is connected 
between the drains of the MIS FETs Mat and M/> to 
suitably limit a current passing through the conduction 
paths of these FETs. A biasing resistor Rf is coupled 
between an input terminal IN and an output ter minal 
OUT of the amplifier. The bias point for the MIS FET 
M/> which is set at a potential in the neighborhood of the 
threshold voltage Vth of the MIS FET Mp is shown by 
way of example. The gates of the complementary MIS 
FETs M/^and Mi>are commonly in ac sense connected 
to the input terminal IN. Output deriving points and 
linear biasing of the circuit may be selected in various 
manners according to the need of the designer, for ex- 
ample* as shown in FIG. 1 or FIG. 3. 

In this circuit, since the conduction current limiting 
resistor Rl is provided in the drain side of the amplifier 
FET but not m the source side, a feed-back loop as in 
the latter case is not formed, so that the amplifier circuit 
can achieve low power consumption without substan- 
tially lowering its amplification, and also, the dispersion 
or variation in the amplification of the amplifier due to 
the manufacturing dispersion of the resistance of the 
resistor Rl becomes small. Further, since the MIS FET 
Mpis biased to operate as class B amplifier, low power 
dissipation is successfully achieved. 

FIG. 7 illustrates a modified circuit of FIG. € but 
similar to FIG. 1, in which no ac coupling capacitor is 
provided between the input terminal IN and the MIS 
FET M/>and instead, this transistor is biased directly by 
the biasing resistor R/^. Consequently, no attenuation 
of an ac input signal due to the ac coupling capacitor, 
which will be applied to the MIS FET M/>will occur. 
Also, since the number of circuit components is reduced 
compared Mdth the circuit of FIG. 1» it is advantageous 
to produce the circuit in an IC chip. The output termi- 
nal our may be provided at the drain of the MIS FET 
Mat. 

Capacitors for ac coupling capacitors C| and Ci may 
be integrated in an MIS integrated circuit Namely, an 
MIS capacitor for the capacitor Ci or C2may be formed 
as shown in FIG. S using a so-called silicon-gate MOS 
process by which other transistors are fabricated in the 
same chip. In the MIS capacitive structure, a p-type 
semiconductor well region 2 is formed in an n-type 
semiconductor substrate 1 grounded to constitute one 
electrode of the capacitor. A silicon dioxide layer 3 is 
formed over the surface of the semiconductor substrate. 
On the surface of the well region 2 a thin silicon dioxide 
film 4 is formed, on which a polycrystalline silicon layer 
5 is provided to constitute the other electrode of the 
capacitor. The electrode layer 5 is led to a terminal Ei. 
A p+-type diffused region (not shown) is formed in the 
p-type well region 2 from which another terminal Eiis 
formed through the silicon dioxide layer 3. Thus, the 
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capacitor is formed of an MOS capacitance established 
between the p-type well region and the polycrystalline 
silicon layer 5, and is isolated from ground. The leadout 
p+-type region is diffused in the well region 2 simulta- 
3 neously with the step of diffusing source and drain 
regions for other MIS elements. 

It will be apparent that in the amplifier circuits de- 
scribed above, the polarities of the FETs may be re- 
versed with the inversion of the polarity of the power 
10 source potentials. 

Further, any circuits and/or circuit elements may be 
added to the basic circuit structures of the above em- 
bodiments for operating the circuit more effectively. 

This invention can be widely utilized as an amplifier 
circuit of low power consumption adapted for mono- 
tithic integration. 
What we claim is: 

1. An FET circuit comprising an amplifier stage and 
a waveform shaping stage; said amplifier stage includ- 

^ ing a first p-channel FET and a first n-channel FET, 
means for biasing the gate of each of said FETs at a dc 
level nearly equal to its drain potential £;(]> means for 
setting the potential differential between the source and 
the drain of each of said [FETS] FETs at a voltage 
nearly equal to its threshold voltageC;)], said potential 
differential setting means being coupled between the drains 
of said FETs, and means for supplying a linear input 
signal to said gates through respective capacitors; and 
said waveform shaping stage comprising means for 
converting a linear signal into a digital signal including 
a second p-channel FET having a gate coupled to the 
drain of said first p-channel FET, and a second n-chan- 
nel FET having a gate coupled to the drain of said first 
33 nnrhannel FET and a drain coupled to the drain of said 
second p<hannel FET, and output means coupled to the 
drains of the second p<hannel and n<hannel FETs for 
deriving the digital signal. 

2. An amplifier circuit comprising a complementary 
40 inverter including a first FET of a first conductivity 

type connected to a first source potential, a second FET 
of a second conductivity type connected to a second 
source potential, and an input terminal connected to the 
gates of said first and second FETs, the circuit compris- 

45 ins- 

a series connection of first and second load resistors 

connected between said first and second FETs; 
a respective bias resistor connected between the gate 
and the drain of each of said first and second FETs; 
50 a respective capacitor connected between the input 
terminal and the gate of each of said FETs; and 
output means connected to the drains of said FETs. 

3. The amplifier circuit according to claim 2, in 
which said output means comprises a terminal con- 

5S nected to the interconnection point of said load resis- 
tors. 

4. The amplifier circuit according to claim 2, in 
which said output means comprises a pair of terminals 
connected to the drains of said first and second FETs, 

M respectively. 

[5. An amplifier circuit comprising, in combination, 
first and second operating voltage terminals of different 
potential level; 
first and second field effect transistors (FET) of com- 
65 plemcntary conductivity type, each having a 
source, a gate and a drain, the sources of said com- 
plementary FETs being connected to said first and 
second operating volUge terminals respectively. 
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the gates of said complementary FETs being ac- equal to its drain d.c. potential, and a d.c. blocking 

coupled to an input terminal; and capacitor coupled between said gates of said FETs. 

a resistor connected between the drains of said com- 11. A complementary push-pull amplifier comprising 

plementary FETs, the connection between said a p-channel FET, an n-channel FET, resistive load 

resistor and said complementary FETs serving as 5 means connected [to at least one of3 between the drains 

an output terminal.] o/said FETs, a resistive bias means coupled between 

[6. The amplifier circuit according to claim 5, fur- the gate and drain of [said] one [FET] of said FETs 

ther comprising a biasing resistor connected between for applying a bias voltage substantially equal to the 

the gate and the drain of at least one of said first and drain d.c. potential of said FET to said gate thereof, 

second FETs, the bias potential between the gate and 1^ another bias means for applying the gate of the other FET 

the source of said FETs being determined at a potential with a bias voltage which has a potential different from the 

nearly equal to its threshold voltage.] potential at the gate of said one FET means for connect- 

7. [The] An amplifier circuit [according to claim 5, ing said FETs and said resistive load means so that said 

further comprising] comprising, in combination^ first resistive load means and the conduction paths between 

and second operating voltage terminals of different paten- ^ ^ the sources and the drains of the respective FETs are 

tial level; connected in series and, means for applying an a.c. input 

first and second FETs of complementary conductivity signal to the gates of said FETs, the resistance of said 

type, each having a source, a gate ami a drain, the load means being higher than the on-resistance of said 

sources of said complementary FETs being connected one FET and the potential differential between the 

to said first and second operating voltage terminal ^ source and gate of said one FET approaching its thresh- 

respectively, the gates of said complementary FETs old voltage and, output means coupled to the drain of at 

being ac<oupled to an input terminal: least one of said FETs for deriving at least one output 

a resistor connected between the drains of said comple- signal, 

mentary FETs, the connection between said resistor [12. The amplifier as defined in claim 11 comprising 

and at least one of said complementary FETs serving a d.c. blocking capacitor coupled between the gates of 

as an output terminal; and said FETs, resistive bias means coupled between the 

bias means for applying the gates of said complementary gate and drain of the other FET of applying a bias 

FETs with bias voltages which have different poten- voltage substantially equal to the drain d.c. potential of 

tials, wherein said bias means includes a first and a the other FET to the gate thereof and, output deriving 

second biasing [resistors] resistor connected be- means wherein said load means is coupled between the 

tween the gates and the drains of said first and drains of both FETs so as to act as a common load for 

second FETs respectively, and an ac coupling said FETs, the resistance of said load means being 

capacitor connected between the gate of said first higher than the on-resistance of the other FET and the 

FET and said input terminal, the input terminal 3^ potential differential between the source and gate of the 

being connected directly to the gate of said second other FET iq>proaching its threshold voltage, said out- 

FET. put deriving means deriving at least one output from the 

[8. A complementary push-pull amplifier compris- node between the drains of both FETs.] 

ing: 13. The amplifier as defined in claim [12] 22 in 

a p-channel FET having a source coupled to a posi- 40 which a single capacitor is connected between the gates 

tive power source terminal, a gate and a drain; of said both FETs, said a.c. input signal being directly 

an n-channel FET having a source coupled to a nega- applied to the gate of one of said FETs and being ap- 

tive power source terminal, a gate and a drain; plied to the gate of the other by way of said single 

resistive means coupled between said drains of said capacitor. 

FETs and; 45 [14. A complementary FET circuit comprising an 

means for applying an a.c. input signal to said gates of amplifier stage and a succeeding state, each being com- 

said FETs to operate said FETs in a push-pull prised of complementary FETs, said amplifier stage 

mode.] including means for producing two output signals hav- 

[9. The amplifier as defined in claim 8 further includ- ing d.c. potentials different from each other in response 

ing means for applying to the gate of one of said FETs 50 to an input signal, said succeeding stage having two 

a bias voltage substantially equal to its drain d.c. poten- input terminals for receiving said two output signals.] 

tial.] [15. The FET circuit as defined in claim 14, in which 

10. [The] A complementary push-pull amplifier [as each of said stages comprises a p-channel FET and an 

defined claim 9 further including] comprising: n-channel FET, the respective potential differential 

a p<hannel FET having a source coupled to a positive 55 between the source and the drain of each FET in said 

power source terminal a gate and a drain; amplifier stage is supplied between the source and the 

an n-channel FET having a source coupled to a negative gate of the corresponding FET in said succeeding stage, 

power source terminal, a gate and a drain; respectively, and said respective potential differential is 

resistive means coupled between said drains of said substantially equal to the threshold voltage of that 

FETs; 60 FET.] 

means for applying an a,c. input signal to said gates of 16, A complementary push-pull amplifier comprising: 

said FETs to operate said FETs in a push-pull mode; a first p<hannel and a first n-channel FET; 

bias means for applying the gate of said FETs with bias a pair of bias resistive means each connected between the 

voltages which have different potentials, said bias gate and the drain of said each FET; 

means including means for applying to the gate of one 65 another resistive means connected between the drains of 

of said FETs a bias voltage substantially equal to its said first p-channel and n<hannel FETs; 

drain d.c potential; and means for applying to the capacitive means connected between the gates of said 

gate of the other FET a bias voltage substantially first p-channel and n<hannel FETs; 
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input means coupled to the gates of said first p<hannel 

and n-channei FETs for applying an input signal to 

said gates: and 
output means coupled to said drains of said first p-chan- 

nel and n-channel FETs for deriving at least one 

output signal 

17, The amplifier as defined in claim 16 further com- 
prising a succeeding amplifier including a second p-chan- 
nel and a second n-channel FET, the drains of which are 
connected to each other, the gates of the second p<hannel 
and n-channel FETs being connected to said drains of said 
first p-channel and n-channel FETs, respectively, the 
drains of the second p-channel and n-channel FETs serv- 
ing as said output means. 

18, The amplifier as defined in claim 17, in which said 
another resistive means comprises two resistive means con^ 
nected in series, the node between the two resistive means 
serving as another output means. 

19, An amplifier comprising 

a first series circuit of first p-channel and n-channel 
FETs connected between a pair of power source termi- 
nals, and 

a second series circuit of second p<hannel and n<han- 
nel FETs connected between said power source termi- 
nals, 

said first series circuit including resistive connection 
means for connecting the drain of said first p<hannel 
FETto the drain of said first n-channel FET and bias 
means for applying to the gate of each of said first 
p-channel and n<hannel FETs from the drain thereof 
a bias voltage substantially equal to the drain dc. 
potential, and input means coupled to the gates of said 
first p-channel and n-channel FETs for applying an 
input signal to said gates, and 

said second series circuit including first connecting 
means for connecting the drains of said second p- 
channel and n<hannel FETs in common, and second 
connecting means for connecting the gates of said 
second p^hannel and n-channel FETs to the drains of 40 
said first p-channel and n-channel FETs respectively, 
thereby causing respective bias points of said second 
p<hannel and n-channel FETs to be substantially 
equal to those of said first p-channel and n-channel 
FETs, respectively the drains of the second p-channel 45 
and n-channel FETs serving as an output means. 

20, An amplifier circuit comprising: 
a p<hannel FET: 

an n<hannel FET, the conduction path between the 
source and the drain thereof being connected in series 
with the conduction path between the source and the 
drain of said pH:hannel FET between a pair of power 
source terminals: 

means coupled between said drains of said both FETs 
for producing two output signals at said drains, the 
two output signals having different d.c potentials, the 
difference between the d.c, potentials being deter- 
mined by a voltage drop across said means: 

first bias means coupled between said drain and said 
gate of said p-channel FET for causing the gate poten- 
tial to respond to the drain dc. potential thereof: 
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second bias means coupled between said drain and said 
gate of said n-channel FET for causing the gate poten- 
tial to respond to the drain d.c potential thereof: and 
means for applying an input signal to both gates of said 
FETs 

21, A complementary inverter amplifier circuit compris- 
ing, in combination, 

a first and a second inverting amplifier device of comple- 
mentary types each having a common electrode, an 
input electrode and an output electrode and operating 
in push-pull mode: 
a power source, the both ends of which are coupled be- 
tween said common electrodes for applying an operat- 
ing energy to said first and second inverting amplifier 
devices: 

an input terminal for applying an input signal to said 
input electrodes of said first and second inverting 
amplifier devices in common-mode: 
bias means for applying said input electrodes of said first 
and second inverting amplifier devices with bias volt- 
ages which have different potentials: 
an (LC coupling capacitor coupled between said input 
electrodes of said first and second inverting amplifier 
devices: 

a circuit device coupled between said output electrode of 
said first and second inverting amplifier devices for 
producing two output signals which have a phase being 
opposite to the phase of the common-mode signals at 
said input electrodes of said first and second in verting 
amplifier devices, and which have different d,c poten- 
tials: and 

a succeeding complementary inverter amplifier stage 
having two input terminals for receiving said two out- 
put signals and having an output terminal for deriving 
an output signal which has the same phase as said 
common-mode signals at said input electrodes of said 
first and second inverting amplifier devices 

22, A complementary push-pull amplifier comprising a 
p<hannel FET, an n-channel FET, resistive load means 
connected between the drains of said FETs, a resistive bias 
means coupled between the gate and drain of one of said 
FETs for applying a bias voltage substantially equal to the 
drain d.c. potential of said FET to said gate thereof an- 
other resistive bias means coupled between the gate and the 
drain of the other FET for applying a bias voltage substan- 
tially equal to the drain d.c, potential of the other FET to 
the gate thereof, a d.c blocking capacitor coupled between 
the gate of said FETs, means for connecting said FETs 
and said resistive load means so that said resistive load 
means and the conduction paths between the sources and 
the drains of the respective FETs are connected in series 
and, means for applying an a.c, input signal to the gates of 
said FETs, the resistance of said load means being higher 
than the on-resistance of said one FET and the potential 
differential between the source and gate of said one FET 
approaching its threshold voltage, and output deriving 
means wherein said load means is coupled between the 
drains of both FETs so as to act as a common load for said 
both FETs, said output deriving means deriving at least 

60 one output from the drains of both FETs. 
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ABSTRACT 



A substrate bias-voltage generator is comprised of an 
oscillator, and a charge pumping circuit, driven by the 
oscillator via a coupling capacitor, which transfers ac- 
cumulated electric charges, out of the semiconductor 
substrate. The oscillator frequency is varied in accor- 
dance with the variation of the voltage level of the 
semiconductor substrate, preferably by means of an RC 
circuit, fabricated by a MOSFET variable resistance 
(R) and a capacitor (C), withui a. ring oscillator or a 
multi-vibrator. The gate electrode of the MOSFET 
variable resistance is directly connected to the semicon- 
ductor substrate. 

5 Oaints, 10 Drawing Figures 
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rated holes and electrons create a bad effect on the 
BIAS-VOLTAGE GENERATOR normal pperatipn of a MOS integrated circuit. In partic- 

„ , ular, the holes absorbed into the substrate create a seri- 

BACKGROUND OF THE INVENTION ous problem. This is because the voltage level of the 

The present invention relates to a bias-voltage gener- ^ substrate, with respect to a ground of a MOS integrated 
ator, and more particularly to a bias-voltage generator . circuit, is unnecessarily increased by the holes them- 
producing a bias voltage to be applied to a semicohduc- selves, from the optimum voltage level. 

tor substrate on which a MOS (Metal Oxide Semicon- . 

ductor) integrated circuit is mounted. SUMMARY OF THE INVENTION 

Generally, the MOS integrated circiiit is provided Therefore, it is an object of the present invention to 
with the bias^voltage generator so as to establish and provide a bias-voltage generator which can also sup- 
mamtain the desired optimum circuit operation of each press the undesired increase of the voltage level of the 
of the semiconductor devices, such as FETs (Field semiconductor substrate. 
Effect Transistors), which constitute the MOS inte- 
grated circuit. For instance, if the threshold voltage is BRIEF DESCRIPTION OF THE DRAWING 
below a specified or nominal level, the semiconductor jhe present invention will be more apparent from the 
?.nH^.lH <5^^^^ ^ pproperly ensuing descriptions with reference to the accompany- 

rendered conductive by a noise signal, and is thus par- - drawings wherein- 

ticularly unsuitable for use in logic drcuits. However, if -if^^^ , . , . , ^^^^ 

the threshold voltage is greaterthan the desired level. 20 ^ illustrates both a typica^ convenuonal MOS- 

^e speed of the operation of the semiconductor device f ^ sectional view thereof, and a conventional 

is reduced, and the semiconductor device may fail to be ^las-voltage generator, as an equivalent circuit diagram 
turned on when an input signal is applied to the control , 

eI«?trode. Thus, the level of the threshold voltage must ^ ^ a graph used for explaining a relationship 

be maintained at a desired optimum level; The mainte- 25 between the oscillating frequency F of an oscillating 
nance of the level of the threshold voltage at a desired AC signal E shown in FIG. 1 and the voltage level Vs 
optimum level is achieved by the bias-voltage genera- substrate SUB shown in FIG. 1; 

tor, whose function is to absorb the so-called substrate ^ illustrates an equivalent circuit diagram of a 

current which flows through the substrate. embodiment for constructing an oscillator includ- 

In the prior art, such a bias-voltage generator has 30 .ing RC circuits according to the present invention; 
beeii propose in. for example U.S. Pat No. 3.806.741. FIG. 4 depicts waveforms of signals appearing in the 
entitled SELF-BIASING TECHNI()UE FOR MOS . circuit shown in FIG. 3; 

SUBSTRATE VOLTAGE, by Frederick J. Smith. In FIG. 5 depicts waveforms of signals appearing in the 
this technique the bias-voltage generator can absorb the circuit shown m FIG. 3, provided that one of the RC 
substrate current in such a manner that the amplitude of 35 circuits is removed therefrom; 
the current varies in accordance with the variation of FIG. 6 illustrates an equivalent circuit diagram of a 
the operating frequency of a dynamic-type circuit, for second embodiment for constructing an oscillator, in-i 
example a dynamic-type storage device in which there eluding the RC circuits according to the present inven- 
IS a lower Imut which respect to the operating fre- tion; . . 

quency. This is ;because such a dynamic-type storage 40 FIG. 7 depicts waveforms of agnals appearing in the 
device IS operated by usmg dectnc charges stored in circuit shb>im in FIG. 6- FP^S nine 

the stray capacitances; _ ^ .„ » , , 

Rn«>flv cnZkVin. .u^..^ J • ^ ^ lUustratcs an eqmvalent circuit diagram of a 

bi^-vS^^St^^^ tl^dembodim^^^^^^ 

from the bi^voluge generator aS^upphSVo Se 45 "^^J?^ J?^^?' ' "!^^"!^°? 
substrate, varies in mgSitude of tfievoltTJe thereof in ,^9^1^^^;^^^^^ 

accordance wHh the variation of Uie o^rating fre- ~ ^^^^ , - r / ' . 

quency of the dynamic-type circuit. 10 is a cross sectional view of, for example 

Contrary to the above, in tiie present invention, as S?^^^'^ capacitor Ci and MOSFET Q5 shown in 
will be explained hereinafter, the output signal to be 50 ' 

produced from the bias-voltage generator and supplied DESCRIPTION OF THE PREFERRED 

to the substrate, varies in frequency in accordance with EMBODIMENTS 
the variation of the voltage level of the semiconductor 

substrate. }^ FIG, 1, which illustrates both a typical conven- 

In recent years, a great number of MOS devices, for 55 MOSFET, as a sectional view thereof, and a. 

fabricating a desired MOS integrated, circuit, have been conventional bias-voltage . generator, as an equivalent 
mounted on a single semiconductor chip with a very Pii'cuit diagram, the reference numeral 11 represents the 
high degree of integration. Accordingly, in each MOS typical conventional MOSFET, as a sectional view 
device, the channel between the drain and the source thereof, and the reference numeral 12 represents the 
thereof should considerably be shortened in length. 60 conventional bias-voltage generator. The MOSFET 11 
Thus, a very short channel must be formed therein. is comprised of a semiconductor substrate SUB, for 
However, as the length of the channel becomes shorter, example a P-type substrate, a source S, which is an 
the intensity of the electric field created adjacent to the N+-type region formed in the substrate SUB, a drain D, 
drain becomes stronger. As a result, aii impact ioniza- which also is an N+-type region formed therein, and a 
tion current is induced across the electric field. At this 65 gate electrode G, which is a conductive layer of e.g., 
time, separated holes and electrons move in respective aluminum or poly-silicon. The conductive layer (G) is 
directions. That is, the electrons move toward the drain. formed on a thin insulation layer IS, made of silicon 
whUe the holes move toward the substrate. These sepa- dioxide (SiOz). The insulation layer IS is located above 
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the channel created between,.j(^9:Spurjce S and the drain the variation of the voltage level of the substrate SUB, 

D. , - v. . ': so that the voIt'algdcIevd-i»hho^^ 

As previously mentioned, the length of the channel is determined optimum level. In addition, the bias- voltage 
very short, so as to' realize a MQS. integrated circuit generator of the U.S. Pat. No. 3.806,741 follows said 
vyith a high degree, of integration. Therefore, holes are 5 variation of the operating frequency by controlling the 
absorbed inlp the .substrate SUB due to the presence of level of the magnitude of the voltage level of the output 
th^ impaict ionization current. Thus the voltage level of signal to be produced therefrom. . . : . . 
the substrate SUB varies in acicbrdance with the varia- In the present invention, the biasrvoltage generator 
tion of the amplitude of the impact ionization current- can follow the variation of the voltage level of the 
However, the conventional bias-voltage generator 12 10 substrate SUB. Further, the bias-voltage generator of 
cannot r^pond to such variation of the voltage level of the present invention does not require a special means 
the substrate SUB, but merely functions to absorb the for monitoring the variation of the voltage level of the 
constant substrate current. The operation of the con- substrate SUB. Furthermore, the bias-voltage generator 
ventional bias-voltage generator 12 is as follows. Tfie of the present invention does not operate to vary the 
generator 12 is comprised of an oscil lator QSC produc- 15 level of the magnitude of the voltage level of the pscil- 
ing an oscillating AC signal E therefrom, a coupling latihg AC signal, as does the generator of the aforesaid 
capacitor Cc connected, at one end, to the oscillator U.S. patent, but instead varies the oscillating frequency 
OSC, a charge pumping circuit PMC connected, firstly of the oscillating AC signal E. If the oscillating frer 
to the other end of the coupling capacitor Cc, secondly quency of the signal E. is relatively high, the voltage 
to a ground GND of the MOS integrated circuit, and 20 level of the substrate SUB decreases toward a negative 
lastly to the substrate SUB on which the MOS inte- level sharply, while, if the oscillating frequency: of the 
grated circuit is mounted. The charge pumping circuit signal E is relatively low» the voltage, level of the sub- 
PMC is comprised of a first diode Di and a secbnd strate SUB increases toward a positive level. The^ela^ 
diode b2. To be more specific, the diode Di is made up tionship between the frequency. F of the signal. E and 
ofaMOSFET in which the drain and the gate electrode 25 the voltage level Vs of the substrate will be clarified 
thereof are shorted. Therefore, a current Ii flows in the with reference to a graph depicted in FIG. 2. As seen 
direction of the arrow shown in FIG. 1. The diode D2 from the graph of FIG. 2, the voltage level Vs . has a 
is made of a MOSFET in which the drain and the gate linear relationship with respect to the oscillating fre- 
electrode thereof are. shorted. Therefore, a current I2 quency F. As will be apparent from descriptions men- 
flows in the direction of the arrow indicated in FIG. 1. .30 tioned hereinafter, the voltage level Ys can easily and 
The bias-voltage, generator . 12,; including a charge simply be controlled by varying the oscillating fre- 
pumping circuit PMC therein, has merit in that the quency F, when compared with the prior art^ontrol by 
generator 12 does . not . require a. two-level voltage varying the level of the magnitude of the oscillating AC 
source, but only a single voltage source. signal: Thus, an oscillator (OSC), contained in the bias- 
When the MOS integrated circuit, mounted on the 35 voltage generator according to the present invention; 
substrate SUB is activated, and accordingly the bias- produces the oscillating AC signal having variable fre- 
voitage generator 12 is also, activated, the generator 12 quency. The frequency thereof varies in proportion to 
produces the oscillating AC signal E. The signal E. is a the variation of the voltage level of the substrate SUB. 
pulse train, the voltage level of which changes between To be inore specific, the oscillator contaips therein a 
"H" (high) level and."L" (low) level, alternately. When 40 means for varying the frequency of the AC signal, based 
the voltage level is **H", the current I2 flows through on the voltage level of the.substrate SUB. The means 
the coupling, capacitor Cc and the diode D2, to the for varying the frequency, according to the present 
ground GND. The ground, GND is a grpuhd of the invention, is constructed as an RC circuit, comprised of 
MOS integrated ,circui]t ai^d. is not electrically coij- a capacitor (C) and a variable resistance' (R): The resis- 
nected to the substrate SUB. When the current I2 flows 45 tance value of the variable resistance (R) viari^ in re-* 
through the capacitor Cc (at this time, the current Ii verse proportion to the voltage level of the substrate 
does not flow), the capacitor Cc is charged with pplari- SUB. To achieve this, the resistance value of the van- 
ties (+, -) indicated in FiG. 1. Next, when the signal able resistance (R) might be controlled by a means for 
E having the level "L" is produced, the current I1 flows monitoring the • variation of the voltage level of the 
through the diode Di and the capacitor Cc, into the 50 substrate SUB. However, according to the present ih- 
oscillator -OSC (at this time, the current I2 does not vention, such a means for monitoring is riot required, 
flow), since the current I| is created by electric charges but instead a MOSFET is employed, the gate of which 
(holes), accumulated in the substrate SUB, the voltage is directly connected to the substrate SUB; Further it 
level of the substrate SUB can be reduced as the current should be noted that the MOSFET also functions as the 
II is absorbed from the substrate SUB. Thus, the voltage 55 variable resistance itself of the RC circuit, simulta- 
level of the substrate SUB is maintained at a negative neously. The capacitor (C) of the RC circuit can be 
level, such as — 3V, with respect to the level of the fabricated, as is usually done, by an insulation layer, 
ground GND. It should be noted that the conventional such as silicon dioxide (Si02), formed on the surface of 
charge pumping circuit PMC absorbs a constant the substrate SUB. 

amountofelectriccharges(holes)per unit of time from 60 As previously mentioned, the oscillator contains 
the substrate SUB. Consequently, the circuit PMC can- therein the RC circuit and cooperates therewith. FIG. 3 
not proportionally follow the variation of the voltage illustrates an equivalent circuit diagram of a first em- 
level of the substrate SUB, induced by the variation of bodiment for constructing the oscillator (OSC) includ- 
the amplitude of the impact ionization current. ing the RC circuit therein, according to the present 
Although the bias-voltage generator, which is dis- 65 invention. The oscillator OSC of the present invention 
closed in .iht aforesaid U.S. Pat. No. 3,806,741, can is comprised of an odd number of inverted and at le^^ 
proportionally follow -.-the variation of the operating one RC circuit,^ connected in series so asr td -foVm a ring 
frequency of the dynamicrtype device, it cannot follow oscilliaton'' as shown in: FIG; 3. To be ^Spiicifib, three 
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inverters a^d two CR circuits are used. The first in- (b), (c), (d) and (e) correspond respectively to wave- 

verter is comprised of MQSFETs Qi and Q2, the second forms of signals appearing at portions (a) , ® , (c) , (g) 

inverter is comprised of MOSFETSQ4 and Qs, and the and (e) indicated in FIG. 3. 

third inverter is comprised of MOSFETs Q7 and Qg. In As previously mentioned, at least one RC circuit is 

each of the MOSFETs Qi, Q4 and Q7, the MOSFET is 5 incorporated mto the oscillator CSC in FIG. 3. Accord- 

a. depletion-type MOSf£T> and the gate electrode and ingly, either the first RC circuit or the second RC cir- 

the ?Qurce thereof are shorted. The MOSFETs Qj, Q4 cult may be removed from the oscillator OSC FIG. 5 

^d Q7 respectively function as load transistors with depicts waveform of signals appearing in the circuit 

respect to the MOSFETs Q2. Qs and Qg. In order to shown in FIG. 3, provided that the second RC circuit 

prevent the MOSFETs Qi, Q4and Q? from being fully 10 (Q6, C2) is not incorporated in the oscillator OSC. In 

cut off, ^hese MOSFETs are preferably depletion-type FIG. 5, rows (a), (b), (c), (d) and (e) respectively depict 

MOSFETs. If at least one of these MQSFETs is cut off, the waveforms of signals appearing at the portions @ , 

the oscillator OSC will stop oscillating. Each of the ® , ©, (§) and © shown in FIG. 3, 

MOSFETs Q2, Qs and Q9 is an enhancement-type Comparing the waveforms of FIG. 4 with the wave- 

MOSFET. If there were no RC circuits, the oscillator IS forms of FIG. 5, it may be concluded that the oscillator 

would produoe an AC signal having a constant oscillat- OSQ including two RC circuits therein, has a capabil- 

ing frequency which is defined by a delay time obtained ity for more quickly following the variation of the volt- 

when the AC signal passes through each inverter. How^ age level of the substrate, than that pf the oscillator 

ever, the oscillator OSC of FIG. 3 produces an AC which includes only one RC circuit therein. This is 

signal E having variable oscillating frequency, because 20 because, the integration of the signals depicted in row 

^t least one RC circuit is inserted between two adjacent (e) of FIG. 4, is larger than that of the signals depicted 

inverters. Since the resistance value of the resistance in row (e) of FIG. S, which mtegration is proportional 

(R) in the RC circuit is variablei the oscillator OSC acts to the electric charges (holes) to be absorbed from the 

as a variable oscillator. A first RC circuit is comprised substrate. 

pfboUj a MOSFET Q3 and a capacitor Ci, and a second 25 . HQ. 6 iOustrates an equivdent cinmit diagr^ 
RC circuit is comprised of bote a MOSFET Q6.and a second embodiment for constructing the oscillator 
capacitor Q. These MQSFETs Q3 and Qe are prefera-. OSC, including the RC drcdts therein, according to 
bly . depletion-type MOSFETs. It should be noted that, the present invention. The oscillator OSC, shown in 
although one end of each inverter and also one end of FIG. 6, of the present invention is constructed as a 
each capacitor are connected to the ground GND of the 30 multivibrator, comprised of MOSFETs Qn, Qi2, Q13, 
MQS integrated circuit, mounted on the substrate, the Q14, Qis and Q16. RC circuits, identical to the aforesaid 
gate electrodes of the MOSFETs (Q3, Qe), for forming RC circuits, are formed respectively by the MOSFET 
the CR circuits, are connected directly to the substrate. Q13 and a capacitor C12, and the MOSFET Q16 and a 
Thus, the MOSFETs Q3 and Qe can respond to the capacitor Ch. The drain of the MOSFET Q12 and the 
voltage level of the substrate. Since the MOSFETs Q3 35 gate electrode of the MOSFET Qis are interconnected 
and Q6of FIG. 3 are made of N-channel MOSFETs. tlie with each other, via the capacitor Cu. Similarly, the 
MOSFETs Q3 and Qe gain a high degree of conductiv- drain of th e MOSFET Qis and the gate electrode of the 
ity, that is respective mutual conductances (g^) in- MOSFET Q12 are interconnected with each other, via 
crease, when the voltage level of the substrate goes the capacitor C12. The MOSFETs Qn and Q12 form an 
toward "H" level. At this time, the equivalent resistance 40 inverter. The MOSraTs Q14 and Q15 form an inverter, 
values of these MOSFETs Q3 jand Q6 reduce, and ac- The gate electrodes of the MOSFETs Q13 and Q16 are 
cordingly respective time constants ti, defined by the directly connectied to the substrate (SUB), as the MOS- 
resistor (Q3) and the capacitor (Ci), and T2, defined by FETs Q3 and Q6 of FIG. 3 are. The oscillating AC 
the resistor (Q6) and the capacitor (C2), are made small, signal E is supplied to the charge puniiphig circuit PMC 
respectively. Then the oscillating frequency of the os- 45 (see FIG. 1), via the coupling capacitor Cc. The oscil- 
cillator OSC is made high. Thus, the AC signal E hav- lating frequency of the oscillator OSC varies under 
ing a high frequency is supplied, via the coupling capa- control of the MOSFETs Q13 and Q16, in proportion to 
ictor Cc, to the charge pumping circuit PMC. As a the Voltage level of the substrate. FIG. 7 depicts wave- 
result, the electric charges (holes); accumulated in the forms of signals appearing in the circuit shown in FIG. 
substrate, are quickly absorbed by the circuit PMC, and 50 6. In FIG. 7, rows (a), (b), (c) and (d) depict waveforms 
Uiereby the voltage level of the substrate goes toward of signals appearing at portions (5) , , © and (g) 
"L" level. shown in FIG. 6, respectively. 

Contrary to the above, when the voltage level pf the! FIG^ 8 illustrates an equivalent circuit diagram of a 

substrate goes toward "L" level, the equivalent resis- third embodiment for constructing the oscillator OSC, 

tance values of these MOSFETs Q3 and Qe increase and 55 including the RC circuit therein, according to the pres- 

accordingly the respective time constants ri, defined by ent mvention. The oscillator, shown in FIG. 8, of the 
the resistor (Q3) and the capacitor (Ci), and T2, defmed. . present mvention includes the RC circuit, comprised of 

by the resistor (Qa) and the capacitor (C2), are made a MOSFET Q26 and a capacitor C21. The operation of 

large. Then the oscUlating frequency of the oscillator the oscillator will be apparent from waveforms of sig- 

OSC IS made low. Thus, the AC signal E having a low 60 nals depicted in FIG- 9. The waveforms depicted in 

frequency is supplied, via the coupling capacitor Cc, to rows (a), (b) and (c), respectively represent the wave- 

the charge pumpmg circuit PMC As a result, the dec- forms of signals appearing at portions (S), ® and ©, 

tnc charges (holes), accumulated in the substrate, are indicated in FIG. 8. 

l^s rapidly absorbed by the. circuit PMC, and thereby FIG. 10 is a cross sectional view of, for example, the 

the voltage level of the substrate goes toward "H" 65 MOSFET Q3, the capacitor Ci and the MOSFET Q5 

A shown in FIG. 3. It should be understood that identical 

FIG. 4 depicts waveforms of signals appearing in the members, such as the MOSFET Q6, the capacitor C2 

circuit shown m FIG. 3. The waveforms of rows (a), and the MOSFET Qg in FIG. 3. the MOSFET Q13 
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(Qi6). the capacitor Ci2 (Gn) and the MOSFET Qis 
(Q12) in FIG. 6, will also provide the same sectional 
views as shown in FIG. 10. In this figure, the members 
represented by the same reference symbols as those of 
FIG. 1 are identical with each other. The capacitor Ci 5 
is fabricated by an N+-type region, acting as the ground 
(GND) and also the source of the MOSFET Q5, an 
insulation layer IS' iand an electrode EL, made of alumi- 
num or polysilicon. The reference symbols CD repre- 
sent conductive layers, acting as lead conductors, made 
of, for example aluminum. It should be recognized that 
the gate electrode G of the MOSFET Q3, acting as a 
part of the aforesaid CR circuit, is directly connected to 
the substrate SUB, via the conductor CD. Although, in 
FIG. i, the oscillator OSC is separately located with 
respect to the substrate SUB, it is preferable, in the 
present invention, to mount the oscillator OSC directly 
on the substrate SUB, so that the gate electrodes of the 
MOSFETs, acting as the resistors (R) of the CR cir- 
cuits, may easily be connected to the substrate SUB. 
The reference symbols PC represent protective covers, 
formed by insulation layers. 

As explained in detail, the bias-voltage generator of 
the present invention can maintain the voltage level of ^5 
the substrate at a predetermined optimum level, without 
introducing any special and complicated devices 
therein. Further, the bias-voltage generator of the pres- 
ent invention can automatically compensate for a devia- 
tion of the threshold voltage Vth, which the deviation is 3^ 
necessarily produced during a manufacturing process. 
That is, if the threshold voltage Vth of the produced 
MOSFET, such as the MOSFET Q3, Q6 and so on, is 
lower than the predetermined threshold voltage Vth, 
the oscillating frequency of the oscillator OSC becomes 35 
high. Then the voltage level of the substrate goes 
toward "L" level. As a result, the threshold voltage Vth 
of the produced MOSFET, shiftis toward high thresh- 
old voltage level. Contrary to this, if the threshold 
voltage Vth of the produced MOSFET, is higher than 40 
the predetermined threshold voltage Vth, the oscillat- 
ing frequency of the oscillator OSC becomes low. Then 
the voltage level of the. substrate goes toward "H" 
level. As a result, the threshold voltage Vth of the pro- 
duced MOSFET shifts toward low threshold voltage 45 
level. 

What is claimed is: 

1. A bias-voltage generator for applying a bias volt- 
age to a semiconductor substrate having an integrated 
.circuit thereon, said, generator comprising: SO 
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an oscillator producing an oscillating AC signal, said 
oscillator comprising an RC circuit for varying the 
frequency of said oscillating AC signal in resik)nse 
to variations of the voltage level of said semicon- 
ductor substrate, said RC circuit including a capac- 
itor (C) and a variable resistance (R) comprising a 
MOSFET having a gate el^trode directly con- 
nected to the semiconductor substrate such that 
said variable resistance varies in accordance with 
the variations of the voltage level of the semicon- 
ductor substrate; 

a coupling capacitor connected, at one end thereof, to 
the output of said oscillator; and 

a charge pumping circuit for absorbing electric 
charges accumulated in said semiconductor sub* 
strate, connected firstly to the other end of said 
coupling capacitor, secondly to a ground of said 
integrated circuit, and thirdly to said semiconduc- 
tor substrate, 

wherein the oscillating frequency of said oscillating 
AC signal produced by said oscillator varies in 
proportion to the variation of the voltage level of 
said semiconductor substrate. 

2. A generator as set forth in claim 1, wherein said 
RC circuit is mounted on the semiconductor substrate 
together with a desired MOS integrated circuit. 

3. A generator as set forth in claim 1, 

wherein said oscillator comprises an odd number of 
inverters, 

wherein at least one RC circuit is inserted between at 

least one pair of said inverters, 
and wherein said inverters and at least one said RC 

circuit are connected in series so as to form a ring 

oscillator. 

4. A generator as set forth in claim 1, wherein said 
oscillator is formed as a multivibrator, comprised of: 

a cross-connected pair of MOSFETS, 

a pair of load transistors, each load transistor being 

operatively connected to a corresponding one of 

said pair of MOSFETS, and 
two of said RC circuits, wherein said cross-connected 

pair of MOSFETS are interconnected with each 

other, at respective drains and gate electrodes 

thereof, via said RC circuits. 

5. A generator as set forth in claim 3, wherein each of 
said inverters comprises both a depletion-type load 
MOSFET and an enhancement-type MOSFET, and 
wherein said MOSFET variable resistance of at least 
one said RC circuit is a depletion-type MOSFET. 

***** 
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[57] ABSTRACT 

A substrate biasing circuit is disclosed which includes a ring 
oscillator oscillating to a drive pulse signal, a charge pump 
circuit connected to the ring oscillator to receive the drive 
pulse signal and generating a substrate-bias voltage in 
response thereto, and a current control circuit connected to 
the ring oscillator. The ring oscillator includes a plurality of 
delay circuits and the current control circuit controls each of 
the delay circuits such that a current flowing there through 
is stabilized against the variation in power voltage and 
relative to a threshold voltage of a transistor for the charge 
pump circuit. 
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SUBSTRATE BIASING CIRCUIT HAVING sistors of a CMOS inverter, the current of the current sources 

CONTROLLABLE RING OSCILLATOR being provided with a desired characteristic. 

It should be noted, however, that the substrate-bias volt- 

This application is a continuation of application Sen No. age depends not only on the oscillation frequency of the ring 

08/605,588, filed Feb. 22, 1996, which is a continuation of 5 oscillator but also on the ciurent ability of transistors con- 

Ser. No. 08/508,972, filed Jul. 28, 1995, which is a continu- slituting the charge pump circuit. For example, even if the 

ation of Ser. No. 08/248,674, filed May 25, 1994, all of oscillation frequency of the ring oscillator is made constant 

which are now abandoned. by the means disclosed in the above-mentioned references 

against the increase in the power supply voltage, the current 

BACKGROUND OF THE INVENTION lo ability of the transistors for the charge pump circuit 

This invention relates to a substrate biasing circuit and, increases due to increase in power supply voltage, resulting 

more particularly, to such a circuit that supplies a constant ^ changing the substrate-bias. It is therefore needed, when 

bias to a semiconductor substrate on which a semiconductor POwer supply voltage rises, to lower the oscillation fre- 

memory circuit is fabricated. quency of the ring oscillator to maintain the substrate-bias 

In a semiconductor memory device, a semiconductor voltage a)nstant. When the threshold value of the transistors 

substrate is generally supplied with a bias voltage in order to the charge pump circuit is made larger than the design 

improve access speed and/or data hold characteristics. For ^^"^ ^ ^^"/^l^^" fabrication process thereof, the 

example, in a semiconductor memory device having a current abihty of the transistors decreases corresponc^^^^^ 

p.type semiconductor substrate and operating on a positive J^^"^ ^ ^^^^^^^ ^° ^^^^^ osciUation 

power supply voltage, a negative bias voltage is applied to '° ^^^^^^y of nng oscillator to compensate for the 

the substrate. A substrate biasing circuit is used to generate decrease m current abiUty. 

and supply the substrate-bias voltage and is composed of an ^ stated above, in order to keep the substrate-bias 
oscillator circuit for generating an oscillation signal of a constant, the oscillation frequency of the ring oscillator must 
certain frequency and a charge-pump circuit generating the t)e controlled in response to circuit constructions and opera- 
substrate-bias in response to the oscillation signal. ^ons of both the ring oscillator and the charge pump circuit. 

Because of no externally provided components being ^^^^^^ circuit for that purpose is not taught, by the prior 

required, a ring oscillator is widely employed as the oscil- mentioned above. 

lator circuit. The ring oscillator includes an odd number of SUMMARY OF THE INVENTION 

delayed-inverter circuits connected in the form of a ring. The m . - . r . . , , . 

oscillation frequency of the ring oscillator depends on the ^ 1^^^^^°^^ ^ P"°^?P^1 °^J^^^ ^°^^°^!°° 

delay time of each delayed-inverter circuit. This delay time f ^^^^^ ^. ^""^^^'^^^ ""^P^^^^ f generating 

isshortenedbyanincreaseinpowersupplyvoltageorbythe ^.^tputting a constant substrate-bias voltage agamst 

threshold voltage of transistors for the delayed-inverter T'T?^ ^'''^^ ^""^^^^ ''''^i^^^ and deviations of the 

circuits being lower than a design value. This is because the 35 ^^'^^^^^ ^^^^^f transistors from design value, 

increased power supply voltage becomes or the lowered A substrate biasmg circuit according to the present mven- 

threshold voltage of the transistor causes the gate source bias ^^0° comprises a charge pump circuit receiving a drive pulse 

voltage of the transistor becomes to be deepened and the signal and generating a substrate-bias voltage in response 

current ability thereof to be made large. As a result, the thereto, a ring oscillator including a plurality of delayed- 

oscillation frequency of the ring oscillator becomes high. 40 i^^^rter circuits connected in a ring form to produce and 

Conversely, when the power supply voltage is reduced or the supply the drive pulse signal to the charge pump circuit, and 

threshold voltage of the transistor becomes larger than the * current control circuit for controlUng each of the delayed- 

design value, the oscillation frequency becomes low. inverter circuits such that a current flowing therethrough is 

On the other hand, the substrate-bias voltage generated by ^^^^^ against variation in a power supply voltage and is 

V • J J .1. c r *u relative to a threshold voltaee of a transistor contained m the 

the charge-pump circuit depends on the frequency of the 45 * «iiw3uwi« v^nagv wi. a uaui^isjiv^i wuv luww 

oscillation signal from the ring oscillator and is hence ^^^^^^ P"™P circuit. 

changed by the variation in the power supply voltage and/or BRIEF DESCRIPTION OF THE DRAWINGS 

the deviation in threshold voltage of the transistor from , 

design value, TTie change in substrate-bias voltage brings above-mentioned and other objects, features and 

about a change in effective threshold voltage in operation of 50 ^^7^°^^^^^ this invention will become more apparent by 

each of the transistors constituting the memory circuit to ^^^^.^^"^ following detailed description Uken in 

make the data access operation unstable. At the worst, error conjunction with the accompanymg drawings, wherein: 

in access or destruction of stored data, takes place. FIG. 1 is a circuit diagram illustrative of a substrate 

Since the change in osciUation frequency of the delayed- l'^^^"? ^^^^^^^ according to a first embodiment of the present 

inverter circuit contributes to change in delay time, it may be 55 

difficult to stabilize the delay time irrespective of variation ^(fl) is a graph for illustrating a delay time of a 

in the power supply voltage. For this purpose, it is proposed delayed-inverter circuit shown in FIG. 1 when the power 

in Japanese Patent Laid-Open Application No. Sho. supply voltage is high; 

62-222713 to insert a constant current source in series with FIG. 2{b) is a graph for illustrating the delay time of the 

one of transistois constituting the delayed-inverter circuit. 60 delayed-inverter circuit when the power supply voltage is 

The current source thus inserted is use to make the current low; 

flowing through the circuit constant irrespective of the FIG. 2(c) is a graph indicating the relationship between 

variation in power supply voltage. The delay time is thus the power supply voltage and the delay time of the delayed- 

made constant. It is further disclosed in a text book titled inverter circuit; 

"Design of CMOS Ultra LSI" issued on Apr. 25 (1989), 65 FIG. 3 is a graph indicating the relationship between the 

Baihoukan, that it is possible to control ihc oscillation threshold voltage of a transistor and the delay time of the 

frequency by attaching current sources to respective Iran- delayed-inverter circuit; and 
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FIG. 4 is a circuit diagram illustrative of a substrate 
biasing circuit according to a second embodiment of the 
present invention. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Referring to FIG. 1, a substrate biasing circuit 100 accord- 
ing to the first embodiment of the present invention includes 
a chaige pump circuit 1 having an output terminal 110 
connected to a semiconductor substrate (not shown) on 
which this circuit is fabricated together with a memory 
circuit (not shown). The circuit 100 further includes a ring 
oscillator 2 supplying a drive pulse signal to the charge 
pump circuit 1. The ring oscillator 2 consists of delayed- 
inverter circuits 2a, 2b, 2c, 2d and 2e cascaded at an odd 
number of stages (five stages in this embodiment) in the ring 
form as shown. The current flowing in each of these circuits 
2a-2e 2 is controlled by a current control circuit 3 which 
will be described in detail later. 

The chaige pump circuit 1 has an input terminal 120 
receiving an oscillation signal from the ring oscillator 2 as 
the drive pulse, signal. The terminal 120 is connected to the 
input terminal of an inverter INV and one terminal of a 
capacitor C3. The output of the inverter INV is connected to 
the respective terminals of capacitors C2 and C4. The other 
terminal of a capacitor C2 is coimected to the gate of a 
p-channel MOS transistor Qll and to a node Nl. The 
source -drain path of Qll is connected between the voltage 
output terminal 110 and the node Nl. The back gate of 
transistor Qll is connected to the output of the inverter INV. 
The other terminal of the capacitor C3 is connected to the 
gate of a p-channel MOS transistor Q12 of which the 
drain-source path is connected between the node Nl and a 
ground and the back gate of which is connected to the output 
of the inverter INV. The other terminal of the capacitor C4 
is connected to the gate of a p-channel MOS transistor Q13 
of which the drain-source path is connected between node 
N3, which is the other terminal of the capacitor C3, and 
ground. The back gate of the transistor Q13 is connected to 
the drive pulse input terminal 120. There is further provided 
a p-channel MOS transistor Q14 with a gate groimded and 
a drain-source path connected between the other terminal of 
the capacitor C4 and the ground. The back gate of the 
p-channel transistor Q14 is connected to the output of the 
inverter INV. 

The drive pulse signal supplied to the terminal 120 have 
an amplitude corresponding to the potential between a 
power supply voltage (VDD) line and a ground (GND) line. 
When the drive pulse at the drive-pulse input terminal 120 
changes from VDD to GND, the level of the node N3 drops 
by VDD because of the coupling through the capacitor C3. 
When the nods N2 accordingly drive pulse input terminal 
120) is at VDD, the level of the node N3 is forced to be at 
GND level by the p-channel transistor Q13 and the capacitor 
C4. Owing to this, when the node N2 becomes GND, the 
level of the node N3 goes to -VDD level, and in turn the 
voltage applied to the gate of the p-channel transistor Q12 
becomes -VDD. Thus the p-channel transistor Q12 is turned 
on, then the node Nl being dropped to GND. 

When the level at drive pulse input terminal 120 changes 
from GND to VDD, and correspondingly the output of the 
inverter INV goes from VDD to GND then the node Nl 
drops by VDD to -VDD through the coupling of the 
capacitor C2. In mrn, the p-channel transistor Qll is turned 
on, and thereby the potential of the substrate-bias output 
terminal 110 falls until the potential between the substrate- 
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bias output terminal 110 and the node Nl reaches below the 
threshold voltage of the p-channel transistor Qll. 

Subsequently the node N2 goes from VDD to GND, 
which causes the node Nl to go to GND, and consequently 
^ the p-channel transistor Qll is turned off. 

As described above, every time the incoming drive pulse 
of a specified frequency changes from VDD to GND and 
from GND to VDD, the voltage at the substrate-bias output 
terminal 110 is affected by the negative level until a certain 
voltage at which it becomes stabilized. 

The ring oscillator 2 consists of the delay circuits 2a, 2b, 
2c, 2d, and 2'e connected in a ring form. Herein all the delay 
circuits have the same configuration, and hence the delay 
circuit 2a only will be set forth. 

The delay circuit 2a consists of a p-channel transistor Q2 
and a n-channel transistor Ql connected in series between 
nodes N4 and N5 and via a node N6, their gates being 
connected to a common input terminal lOa; a capacitor CI 
2Q connected between the node N6 and GND, the output 
terminal 20fl of which being connected to the node N6; a 
p-channel transistor Q4 connected between VDD and the 
node N4, the gate of which being connected to a control 
terminal 30a; and an n-channel transistor Q3 connected 
25 between GND and the node N5, the gate of which being 
connected to a control terminal 40fl. In the ring oscillator 2, 
the output terminal 20fl of the preceding-stage delay circuit 
is connected to the input terminal lOfl of each delay circuit, 
and the output terminal 20a of the last-stage delay circuit 2e 
30 is connected to drive pulse input terminal 120 of the charge 
piunp circuit 1 through output terminal 90 of the ring 
oscillator 2 and also to the input terminal of the first stage 
delay circuit. 

The delay time of the delay circuit 2a depends on mag- 

35 nitude of charge for the charging capacitor CI, i.e. the 
amount of the electric current flowing. The current flowing 
through the inverter constructed of p-channel and n-channel 
transistors Q2, Ql is determined by the control voltage 
applied to the gates of p-channal and n-channel transistors 

40 Q4, Q3. Therefore, the current flowing through the inverter 
can be controlled constantly, and thereby constant current 
can be fed without being affected by variation of power 
supply voltage, which enables the control of delay time. 
Refer to FIG. 2(a) which plots an input signal IN supplied 

45 to the input terminal 10, an output signal OUT from the 
output terminal 20, and delay time of the delay circuit when 
operating at power supply voltage VDDl. When the input 
signal IN supplied to die input terminal 10 changes from 
GND to VDD, the p-channel transistor Q2 goes from 

50 off-state to on-state, and the n-channel transistor Ql goes 
from on-state to off-state. Thereby the potential of the node 
N6 changes gradually from VDD to GND. Now letting I be 
the current constant of n-channel and p-channel transistors 
Q3, Q4, and C be the total capacitance of the node N6 which 

55 is the sum of capacitor CI and parasitic capacitance, the 
potential change rate is represented by 

dv/dt~i'{yC) (1) 

60 Since current constant 1 and the total capacity C are 
independent of variation of power supply voltage VDDl, the 
rate of change of the potential of the node N6 is unvaried. 
It follows that the time taking for the potential of the node 
N6 to become VBDl to GND is proportional directly to 

65 power supply voUage VDDl or its amplitude. Hence the 
delay time Tl between the input signal IN and the output 
signal OUT are proportional directly to power supply volt- 
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age VDDl. Likewise when the input signal IN becomes 
GND to VDDl, the absolute value of dV/dt is definite and 
hence the delay time is proportional directly to power supply 
voltage VDDl. 

Referring to FIG. 2(b) showing graph by the operation at 
an alternative power supply voltage VDD2 lower than 
VDDl, as understood from which, the rate of change of the 
potential dV/dt is equal to FIG. 2(a), and the delay time in 
FIG. 2(b) where the voltage amplitude of the note N6 is 
small is shorter than FIG. 2(a). 

As shown in FIG. 2(c), therefore it is understood that the 
delay circuit 2a is proportional directly to power supply 
voltage VDD, and its delay time is increased. 

The current source circuit 3 consists of a p-channel 
transistor Q8 connected between VDD and a node N7; an 
n-channel transistor QS connected between the node N7 and 
GND, and the gate of which being connected to the node N7; 
a n-channel transistor Q6 connected between a node N8 and 
GND, and the gate of which being connected to the node N7 
and output terminal 60; and a p-channel transistor Q7 
connected between the node N8 and VDD and the gate of 
which is connected to output terminal 50. The output ter- 
minal 50 is connected to the respective input terminals 
30a-30c of the delay circuits 2a, 2b, 2c, 2d and 2e, and 
output terminal 60 is similarly connected to input terminals 
40fl-40e of the delay circuits. 

Now n-channel transistors Q5 and Q6 constitutes a cur- 
rent Miller circuit, and hence the current flowing through the 
n-channel transistor Q6 is determined by the n-channal 
transistor Q5, and the current flowing through the n-channel 
transistor Q5 is determined by the current flowing the 
p-channel transistor Q8. The current flowing through the 
p-channel transistor Q8 is determined by the voltage 
between the gate and source thereof. The p-channel transis- 
tor Q4 in the delay circuit 2a and the p-channel transistor Q7 
constitutes another current miller circuit. The n-channel 
transistor Q3 in the delay circuit 2a and the n-channel 
transistor Q6 constitutes another current miller circuit. The 
current flowing through aU the delay circuits 2a, 2b, 2c, 2d, 
and 2e is determined by the current through the p-channel 
transistor Q8. In this embodiment, the ratio of an output 
current to an input current of each of the current miller 
circuits is designed to be 1. Therefore, respective currents 
flowing through aU the delay inverter 2a through 2e are the 
same. 

The current source circuit 3 further comprises a p-channel 
transistor Q9 connected between VDD and a node N9, the 
gale of which being connected to the node N9; a p-channel 
transistor QIO connected between nodes N9 and NIO, the 
gate of which being connected to the node NIO, and a 
resistor Rl connected between the node NIO and GND. The 
node NIO is connected to the gate of the transistor Q8. 

Letting Vtp be the threshold value of each p-channel 
transistor, then the voltage of node NIO is VDD-2 |Vtp| 
[Wherein |Vtp| represents the absolute value of Vtp) which 
is supplied to the gate of the p-channel transistor Q8. It 
follows that the voltage between the gate and source of the 
p-channel transistor Q8 is 2 Vtp. By the way the current 
flowing the p-channel transistor Q8 is determined by the 
voltage between the gate and source, and it is only the 
voltage depending on the threshold voltage Vtp that is 
applied between the gate and source. The current flowing 
through the p-channel transistor Q8 depends only on Vtp and 
not on VDD. 

Thus letting P and IQ8 be the conductance constant and 
current constant of the p-channel transistor Q8, then 
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JQ8 - (l/2)•p•(2|Vrp|-|V^/^2) (2) 

- (l/2)-p aWpR 

5 Furthermore since the delay time of the delay circuit is 
inversely proportional to the current, the delay time T is 
expressed in relation to the threshold voltage Vtp by 

T=l/lVtpF (3) 

Therefore the relationship between the absolute value of 
the threshold voltage Vtp and the delay time based on the 
above equation (3) is indicated in FIG. 3. As is apparent 
from FIG. 3, the smaller the threshold value of the transistor, 

15 the longer the delay time is, as the relation of Tl to |Vtp^| and 
the larger the threshold value of the transistor, the shorter the 
delay time is, as the relation of T2 to |Vtp^|. Hence when 
p-channel transistors Qll and Q12 degrades, i.e. when the 
p-channel transistors have a greater threshold due to varia- 

20 tion in the device fabrication process, then the voltage on the 
node NIO is increased, which increases the currents flowing 
the p-channel transistors Q4 and the n-channel transistor Q3 
of the delay circuit 2a, which in turn reduces the delay time, 
resulting in increasing the output frequency of the ring 

25 oscillator 2. Conversely when the p-channel transistors have 
a smaller threshold, then the currents flowing the p-channel 
transistors Q4 and the n-channel transistor Q3 of the delay 
circuit 2a is decreased, which reduces the delay time, 
residting in decreasing the output frequency of the ring 

30 oscillator 2. The ability of charge pump circuit 1 depends on 
the frequency of the drive pulse the higher the frequency is, 
the higher the ability is, and the lower the frequency is, the 
lower ability is. In this way, even if the threshold value of the 
transistor changes, the frequency can be altered according to 

35 the change, and thereby the ability of the charge pump 
circuit 1 can follow the change to enable to output an 
unvaried bias. 

Turning to FIG. 4, a substrate biasing circuit according to 
the second embodiment of the present invention includes a 

40 charge pump circuit 11, a ring oscillator 2 feeding drive 
pulses to the charge pump circuit 11, and a current control 
circuit 13. Ring oscillator 2 is the same as that of FIG. 1, and 
its explanation will be therefore omitted. 
The charge pump circuit 11 comprises an n-charmel 

45 transistor Q15 with a gate connected to the substrate-bias 
output terminal 110, and source/drain connected between the 
substrate-bias output terminal 110 and a node Nil, and an 
n-channel transistor Q16 with a gate connected to the node 
Nil and source-drain path connected between the mode Nil 

50 and GND, an inverter INV with the input connected to the 
drive-pulse input terminal and a capacitor C5 connected 
between the output of the inverter INV and the node Nil. 

This charge pump circuit 11, when the drive -pulse input 
terminal 120 is at GND, drives the node Nil N-1 from VDD 

55 which is raised in virtue of the coupling with capacitor C5 
down to GND by the n-channel transistor Q16 of diode 
construction, and when drive pulse input the terminal 120 
becomes raised from GND to VDD, drives the node Nil 
from GND down by VDD in virtue of the coupling with the 

60 capacitor C5, thereby the voltage of the substrate-bias output 
terminal 110 being lowered down to a negative level. 

This charge pump circuit 11 employs n-channel transis- 
tors as Q15 and Q16 which is variable in ability due to 
deviation from the design values based on variation in 

65 fabrication process, etc. For suppressing this variation in 
ability of the charge pump circuit 11, it is needed to control 
the frequency of the drive pulse outputted from the ring 
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oscillator 2 by the use of threshold value Vtn in the same substrate-bias voltage, a ring oscillator including a plurality 

way as FIG. 1. of delayed-inverter circuits connected in a ring fonn to 

For this puqx>se, a current control circuit 13 of the present produce said drive pulse signal, said drive pulse signal 

invention rises a resistor Rll, four n-channel transistors Q20 having a frequency, and a current control circuit controlling 

through Q23, and two p-channel transistors Q24, Q25, and 5 ^^ch of said delayed-inverter circuits such that the frequency 

interconnected as shown. Especially the current flowing ^^^^ P"^ ^^S"^^ increased when a threshold 

through transistor Q22 is correspondent to only the threshold voltage of said output transistor is larger than a predeter- 

voltage of the n-channel transistor. This current flows to mined value and is decreased when said threshold voltage of 

each delay inverter through the current miller circuits each ^aid output transistor is smaller than said predetermmed 

consisting of transistors Q24 and Q25; Q25 and Q24; and lO ^ . i • j . , • ^ . • ^ * -j 

r\'y^ ^ r^'ji *• i j *t. i f ♦u * 2. The circuit as clauned m claim 1, wherein each of said 

Q23 and Q23; respectively, and the values of these currents delayed-inverter circuits includes a fi;st transistor of a first 

are aU the same. Thus also m the present embodiment a ^j,^^^^, ^^^^ connected between a first power supply line 

constant sutetrate bias is obtained, , . and a first node and having a gate connected to a first control 

Similar effect IS obtained also m the case of modification terminal, a second transistor of said first channel type 

rnHG. 1 of replacing by transistors of the other conductivity 15 connected between said first node and a second node and 

type, using inversely VDD and GND, and connecting the having a gate connected to an input terminal, a third tran- 

charge pump circuit 11 instead of the charge pump circuit 1 sistor of a second channel type connected between said 

to output terminal 90. Furthermore the number of transistor second node and a third node and having a gate connected 

pairs such as Q9, QIO or Q20 or Q21 of diode<onnection to said input terminal, and a fourth transistor of said second 

may be increased. 20 channel type connected between said third node and a 

As described above, a current source is placed between second power supply line and having a gate connected to a 

the terminals of each inverter-structure transistors constitut- second control terminal. 

ing a delay circuit, and the current of the current source is 3. The circuit as claimed in claim 2, wherein said current 

controlled by the threshold value so that when the absolute control circuit includes a fifth transistor of said first channel 

value of the threshold voltage is lower, the current is 25 type connected between said first power supply line and said 

correspondingly decreased to increase the delay time. In first control terminal and having a gate connected to said first 

addition, since the charge and discharge at the output ter- ^^^^^^^ ^^""^^f ^' ^ ^'"^^ transistor of said second chamiel 

minals of the inverter-structure transistors are carried out by ^yP^ connected between said first control terminal and said 

thecurrentof thecurrentsource.By these,therateofchange P°^^^ ^^Pj^ 1"^^. h^vrng a gate connected to 
e^u ♦ *• 1 * *i. . * ♦ • 1 • ♦ ♦ • J ^« said second control terminal, a seventh transistor of said 

of the potenual at the output termmal is const^mt indepen- 30 ^^^^^^ ^^^^^^^ ^^^^^^^^j ^^^^^ ^.^ ^^^^ ^^^^^^j 

dent ofvanauonofpower supply. Smoe the amphtude of the ^^^^^ ^^^^ j ^^^^ ^ 

output vohage mcreases with increasmg power supply ^^^^ connected to said second control terminal, an eighth 

voltage, the frequency of the dnve pulse outputted from the transistor of said first channel type connected between said 

ring oscillator can be decreased. Conversely when the abso- second control terminal and said first power supply line and 

lute value of the threshold voltage is higher, the current is 35 having a gate connected to a third control terminal, and a 

increased and thereby the delay time is decreased. Thus bias circuit supplying a bias voltage to said third control 

since the lower the power supply voltage is, the larger the terminal. 

amplitude of the output voltage becomes, it is possible to 4. The circuit as claimed in claim 3, wherein said output 
increase the frequency of the drive pulse outputted from the transistor is of said first channel type and is connected 
ring oscillator. Therefore when the ability of the charge 40 between a fourth node and said output terminal, said output 
pump circuit is increased, i.e. when the power supply transistor operating, when said drive pulse signal is at a first 
voltage becomes higher, or when the absolute value of the level, to output said substrate-bias voltage at said output 
threshold value is decreased, then the frequency of the drive terminal, said charge pump circuit further including a restore 
pulse is decreased to suppress the ability of the charge pump transistor of said first channel type connected between said 
circuit. When the ability of the charge pump circuit 45 fourth node and said second power supply line and 
decreases, i.e. when power supply voltage is lower, or the operating, when said drive pulse is at a second level, to 
absolute value of the threshold value increases, the fre- connected said fourth node to said second power supply line, 
quency of the drive pulse is increased so that the ability of 5. The circuit as claimed in claim 4, wherein said bias 
the charge pump circuit is improved by increasing the circuit includes a ninth transistor of said first channel type 
frequency of the drive pulse. In this way the substrate-bias 50 connected between said first power supply line and a fifth 
outputted from the substrate-bias generator can be main- oode and having a gate to said fifth node, a tenth transistor 
tained constant. of said first channel type connected between said fifth node 
Although the invention has been described with reference and said third control terminal and having a gate connected 
to specific embodiments, this description is not meant to be to said third control terminal, and a resistive element con- 
construed in a limiting sense. Various modifications of the 55 nected between said third control terminal and said second 
disclosed embodiments, as weU as other embodiments of the power supply line. 

invention, will become apparent to persons skilled in the art 6. A substrate biasing circuit according to claim 1, 

upon reference to the description of the invention. It is wherein: 

thereof contemplated that the appended claims will cover said current control circuit includes a current controlling 

any modifications or embodiment as fall within the true 60 transistor, said current controlling transistor also hav- 

scope of the invention. ing said threshold voltage, and said current controlling 

What is claimed is: transistor controlling each of said delayed-inverter cir- 

1. A substrate biasing circuit comprising a charge pump cuits such that the frequency of said drive pulse signal 

circuit receiving a drive pulse signal and generating a is increased when said threshold voltage is larger than 

substrate-bias voltage at an output terminal in response 65 a predetermined value and is decreased when said 

thereto, said charge pump circuit including an output tran- threshold voltage is smaller than said predetermined 

sistor coupled to said output terminal to output said value. 
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7. A circuit comprising: 

a first transistor of a first channel type having a source 
connected to a first voltage supply line, a drain con- 
nected to a first node and a gate connected to said first 
node; 

a second transistor of said first channel type having a 
source connected to said first node, a drain connected 
to a second node and a gate connected to said second 
node; 

a resistive element connected between said second node 
and a second power supply line; and 

a third transistor of said first channel type having a source 
connected to said first power supply line, a drain 
connected to an output node and a gate connected to 
said second node, such that a current at said output 
node is determined by a threshold voltage of at least 
one of said first, second and third transistors. 

8. A circuit comprising: 

a delayed-invertor including, 

a first transistor of a first channel type connected between 
a first power supply line and a first node and having a 
gate connected to a first control terminal; 

a second transistor of said first channel type connected 
between said first node and an output node and having 
a gate connected to an input node; 

a third transistor of a second channel type connected 
between said output node and a second node and 
having a gate connected to said input node, said first 
channel type being opposite to said second channel 
type, and 

a fourth transistor of said second channel type connected 
between said second node and a second power supply 
fine and having a gate connected to a second control 
terminal; and 

a current control circuit including, 

a fifth transistor of said first channel type connected 
between said first power supply line and a third node 
and having a gate connected to said third node; 

a sixth transistor of said first channel type connected 
between said third node and a fourth node and having 
a gate connected to said fourth node; 

a resistive element connected between said fourth node 
and said second power supply line; 

a seventh transistor of said first channel type connected 
between said first power supply line and said second 
control terminal and having a gate connected to said 
fourth node; 
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an eighth transistor of said second channel type connected 
between said second control terminal and said second 
power supply line and having a gate connected to said 
second control terminal; 

a ninth transistor of said first channel type connected 
between said first power supply line and said first 
control terminal and having a gate connected to said 
first control terminal; and 

a tenth transistor of said second channel type connected 
between said first control terminal and said second 
power supply line and a gate connected to said second 
control terminal. 

9. A substrate biasing circuit comprising: 

a charge pump circuit receiving a drive pulse signal at an 
input terminal and generating a substrate bias voltage at 
an output terminal, said charge pump circuit 
comprising, 

an inverter with an inverter input connected to said 
input terminal and to an input to a first capacitor, and 
with an inverter output connected to inputs to second 
and third capacitors, 

a first transistor with one terminal connected to said 
output terminal, a second terminal and a gate con- 
nected to an output from said second capacitor, and 
a back gate connected to said inverter output, 

a second transistor with one terminal connected to said 
second capacitor output, a second terminal con- 
nected to ground, a gate connected to an output from 
said first capacitor, and a back gate connected to said 
inverter output, 

a third transistor with one terminal connected to said 
first capacitor output, a second terminal connected to 
ground, a gate connected to an output from said third 
capacitor, and a back gate connected to said inverter 
input, and 

a fourth transistor with one terminal connected to said 
third capacitor output, a second terminal and a gate 
connected to ground, and a back gate connected to 
said inverter input; 
a ring oscillator including a plurality of ring-connected 
delayed-inverter circuits providing said drive pulse 
signal with a frequency to said input terminal; and 
a current control circuit controlling said delayed-inverter 
circuits so that the frequency of the drive pulse signal 
increases when a threshold voltage of said first tran- 
sistor is larger than a predetermined value and 
decreases when the threshold voltage of said first 
transistor is smaller than the predetermined value. 
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[57] ABSTRACT 

An electronic apparatus is comprised of a generator 11 in 
which a voltage is changed as time elapses, a booster circuit 
12 for boosting an output voltage of the generator 11, and an 
oscillator circuit 13 that drives the booster circuit 12. When 
the voltage of the generator 11 changes as time elapses so 
that the voltage exceeds the minimum driving voltage of the 
oscillator circuit 13, the oscillator circuit 13 obtains power 
for starting oscillation from the generator 11. The oscillator 
circuit 13 that has started oscillation drives the booster 
circuit 12 to thereby boost the output voltage generated by 
the generator 11. Since the oscillator circuit 13 after starting 
oscillation continuously performs oscillation using the 
power boosted by the booster circuit 12, even if the voltage 
of the generator 11 changes as time elapses so that the 
voltage becomes lower than the minimum driving voltage of 
the oscillator circuit 13, the voltage can be boosted to the 
minimiun driving voltage of the oscillator circuit 13 or 
higher. 

28 Claims 27 Drawing Sheets 
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ELECTRONIC APPARATUS 
BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to an electronic apparatus 
that is driven by electric power of a generator in which a 
voltage of generated power changes as time elapses or a 
power supply in which the voltage thereof changes as time 
elapses, particularly to a portable electronic apparatus. 

2. Description of the Related Art 

Conventional electric apparatuses include a generator in 
which the voltage of generated power changes as time 
elapses or a power supply in which the voltage thereof 
changes as time elapses. In such electronic apparatuses, in 
order to continuously operate a driving circuit of the elec- 
tronic apparatuses, a power supply capacity of the generator 
or the power supply is set so that the voltage of the generator 
or the power supply does not fall below the minimum 
driving voltage of the driving circuit of the electronic 
apparatuses even if the voltage changes as time elapses. 

Also, as shown in FIG. 9, conventional electronic appa- 
ratuses include a generator in which the voltage of the 
generated power changes as time elapses or a power supply 
90 in which the voltage changes as time elapses, a booster 
circuit 92 for boosting such generated power or the power of 
the power supply, and an oscillator circuit 91 that drives the 
booster circuit 92. In the electronic apparatus, the oscillator 
circuit 91 is driven by the generator in which the voltage of 
the generated power changes as time elapses or the power 
supply 90 in which the voltage changes as time elapses. 
Further, the booster circuit 92 is driven by an output clock 
of the oscillator circuit 91, and the power of the generator or 
the power supply 90 in which the voltage of the supplied 
power changes as time elapses is boosted by the booster 
circuit 92, to thereby drive a driving circuit of the electronic 
apparatus. Accordingly, in order to continuously operate the 
driving circuit of the electronic apparatus, a power supply 
capacity of the generator or the power supply 90 is set so that 
the voltage of the generator or the power supply 90 does not 
fall below the minimum driving voltage of the oscillator 
circuit 91 even if the voltage changes as time elapses. 

Also, conventional electronic apparatuses include a gen- 
erator in which the voltage of the generated power changes 
as time elapses or a power supply in which the voltage 
changes as time elapses, a booster circuit for boosting such 
generated power or the power of the power supply, an 
oscillator circuit that drives the booster circuit, and a capaci- 
tor for accumulating the boosted power and supplying power 
to a driving circuit of the electronic apparatus. In this 
electronic apparatus, the oscillator circuit is driven using the 
power accumulated in the capacitor, the booster circuit is 
driven by an output clock of the oscillator circuit, and the 
power of the generator or the power supply in which the 
voltage of supplied power changes as time elapses is boosted 
by the booster circuit. Then, the booster power is accumu- 
lated in the capacitor so that the driving circuit of the 
electronic apparatus is driven by the power of the capacitor. 
Accordingly, in order to continuously operate the driving 
circuit of the electronic apparatus, the capacitor is always 
charged so that the power accumulated in the capacitor does 
not become empty and that the voltage of the capacitor does 
not fall below the minimiun driving voltage of the oscillator 
circuit. 

Now, an example of an electronic apparatus using a 
thermoelectric conversion device as a generator is shown as 
a prior art. In the thermoelectric conversion device, a P-type 
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thermoelectric material element and an N-type thermoelec- 
tric material element are sandwiched between two 
substrates, an a plurality of P-type thermoelectric material 
elements and N-type thermoelectric material elements form 

s a p-n junction on the substrates through an electrically 
conductive material such as metal to be connected in series 
with one another. The thermoelectric conversion device 
produces electromotive power by a temperature difference 
between the two substrates, to thereby generate power. The 

10 power generated per thermoelectric material element is 
about 200 fiVrC. When, for example, a circuit that drives at 
1.5 V is directly driven by the diermoelectric conversion 
device, assuming that the temperature difference between 
the substrates is 2^C., at least 1,875 pairs of p-n junctions are 

15 required. Furthermore, since the thermoelectric conversion 
device is influenced by the atmospheric temperature, a large 
margin for generating power is allowed to thereby increase 
pairs of p-n junctions. Accordingly, the electronic apparatus 
using the thermoelectric conversion device requires a large 

20 heat radiating plate, because the size of the thermoelectric 
conversion device is increased and the number of heat- 
propagating paths is also increased. 

FIG. 30 shows a conventional booster circuit. In FIG. 30, 
reference numeral 470 denotes an electromotive voltage 

25 input terminal for inputting the electromotive voltage Vp of 
the power supply 90, 471 denotes a first clock signal input 
terminal for inputting a first clock signal Pll which is one 
of clock signals PI outputted from the oscillator circuit 91, 
472 denotes a second clock signal input terminal for input- 
ting a second clock signal P12 which is one of the clock 
signals PI, 473 denotes a boosted voltage output terminal for 
outputling a boosted voltage Vdd, 474 denotes a booster 
unit, and 483 denotes a diode. 

The more the number of booster units 474 connected in 
series with one another is, the more the boosting factor is. In 
the booster unit 474, reference numeral 479 denotes an input 
terminal, 480 denotes a boosted voltage output terminal, 481 
denotes a first clock signal input terminal for inputting a first 
clock signal Pll, 482 denotes a second clock signal input 

^ terminal for inputting a second clock signal P12, 475 and 
476 denote diodes, and 477 and 478 denote capacitors. 

A signal obtained by inverting the first clock signal PI is 
a second clock signal P2. Since operation of the circuit is 
already well known, it is omitted. 

In the conventional electronic apparatuses, in order to 
continuously operate a driving circuit of the electronic 
apparatus, a power supply capacity of a generator or a power 
supply is set so that the voltage of the generator or the power 

50 supply does not fall below the minimum driving voltage of 
the driving circuit of the electronic apparatus even if the 
voltage changes as time elapses. For this reason, when the 
voltage of the generator or the power supply exceeds the 
minimum driving voltage of the driving circuit of the 

55 electronic apparatus, the electric power is wastefully used, 
whereby the efficiency of the whole system is deteriorated. 
Furthermore, since the power supply capacity is set so that 
the voltage of the generator or the power supply does not fall 
below the minimum driving voltage of the driving circuit of 

60 the electronic apparatus, the generator or the power supply 
is unpreferably enlarged. Particularly, in the case where the 
above-described electronic apparatus is used in a portable 
apparatus, there is such a problem that the size of the 
generator or the power supply is increased. 

65 Furthermore, in the conventional electronic apparatus, an 
oscillator circuit is driven by the power of the generator or 
the power supply, and a booster circuit is driven by a clock 
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signal from the oscillator circuit. For this reason, even if the forward voltage loss, and there is a problem that a voltage 

voltage of the generator or the power supply falls slightly of 0.2 V or so is lost in each of the Schottky diodes, 

below the minimum driving voltage of the oscillator circuit. Next, since the conventional booster circuit does not have 

the oscillator circuit, the booster circuit, and then the whole a means for detecting the voltage of a power supply, it 

system stop iheir operations. At this time, the generator or 5 cannot set the boosting factor of the booster circuit at an 

the power supply supplies, to the booster circuit, electric appropriate value according to the voltage of the power 

power whose voltage is only slightly below the voltage of supply. Namely, there are problems that a charging cfiS- 

the minimum driving voltage of the oscillator circuit. Since ciency is dropped by a fact that when a secondary battery is 

the system is, however, in a non-operation state, the effi- charged by a certain boosted voltage of the booster system, 

ciency of the whole system is considerably deteriorated, thetroubleofchargingasecondarybattery through a booster 

Therefore, in order to continuously supply power to the circuit having a high boosting factor which is great in loss 

driving circuit of the electronic apparatus, it is required that is taken even in case that the secondary battery can be 

the voltage of the generator or the power supply does not fall charged by a booster circuit having a low boosting factor 

below the minimum driving voltage of the oscillator circuit thanks to a sufficiently high voltage of the power supply, and 

even if the voltage changes as time elapses. On the other jj that a boosted voltage exceeds the upper limit of a driving 

hand, in the case where the voltage of the generator or the voltage for driving an IC or the like since the voltage of a 

power supply greatly exceeds the minimum driving voltage power supply becomes higher in case that the IC or the like 

of the oscillator circuit, the voltage after boosting operation is driven by the boosted voltage, 

greatly exceeds a voltage necessary for the driving circuit of SUMMARY OF THE INVENTION 

the electronic apparatus. The thus generated excess power is 20 

changed into useless energy such as heat. Furthermore, since Th^ Present mvention has been made in view of the 

the power supply capacity is set so that the voltage of the above-described problems, and therefore has an object to 

generator or the power supply does not faU below the Provide an electronic apparatus having a high power effi- 

minimum driving voltage of the oscillator circuit, there is ^^^^^y ^^^^^ system, and to provide a system capable 

such a problem that the size of generator or the power supply ^5 boosting a lower voltage to thereby improve the boosting 

is unpreferably increased. efficiency. 

Also, in the conventional electronic apparatus, power An electronic apparatus according to the present invention 
accumulated in the capacitor is used to drive the oscillator comprised of: a generator in which the voltage of power 
circuit and boost the output power of the generator or the generated by thermoelectric devices, etc. changes as time 
power supply. The thus boosted power is accumulated in the 30 ^^^P^^^ ^ P°^^' ^^PP^y changes as 
capacitor to drive the driving circuit of the electronic appa- ^'"^^ ^l^P^^s; a booster circuit for boosting an output voltage 
ratus by the power of the capacitor. Accordingly, in order to generator or the power supply; and an oscillator circuit 
continuously operate the driving circuit of the electronic ^^^^ ^^^^ booster circuit. The oscillator circmt is 
apparatus, the capacitor is always charges so that the power operated and the booster circuit is dnven by an output clock 
of the capacitor does not become empty and the voltage of 35 oscillator circuit, whereby the voltage generated from 
the capacitor does not fall below the minimum driving generator or the power supply is boosted, 
voltage of the oscillator circuit. Therefore, since the power In the electronic apparatus, once the voltage for driving 
ofthecapacitorbecomesemptyif the charged power of the oscillator circuit is inputted, the booster circuit is 
capacitor is less than the power that is consumed by the operated, and the oscillator circuit can continuously be 
driving circuit of the electronic apparatus, the generator or 40 operated by the output of the oscillator circuit. Accordingly, 
the power supply requires large power supply capacity. Also, even if the voltage of the generator or the power supply 
there is such a problem that when the voltage of the changes as time elapses, and the voltage falls below the 
capacitor falls below the minimum driving voltage of the minimum driving voltage of the osciUator circuit, the volt- 
oscillator circuit, the operation of the whole system is age can be boosted to the minimum driving voltage of the 
stopped. 45 oscillator circuit or higher. 

In the case where the thermoelectric conversion device is ^so, in the electronic apparatus according to the present 

used as the generator of the above-described electronic invention, by providing a voltage detecting circuit for the 

apparatus, thermoelectric material elements must be con- power supply, the stages of the operation of the booster 

nected in series with one another so that the output voltage circuit are switched, or an oscillating frequency of the 

of the thermoelectric conversion device always exceeds the 50 oscillator for generating a clock pulse for driving the booster 

minimum diving voltage of the driving circuit or oscOlator circuit is varied, whereby the boosting rate can be varied. As 

circuit of the electronic apparatus. Further, since the ther- a result, a constant output voltage can be efficiently obtained 

moelectric conversion device generates power by a tempera- to the power supply in which the voltage is greatly varied, 

ture difference and is influenced by the atmospheric Further, in the electronic apparatus of the present 

temperature, a larger number of the thermoelectric material 55 invention, the operation of the voltage detecting circuit is 

element are required to be connected in series with one made intermittent, and a storage circuit for storing an output 

another. For this reason, the thermoelectric conversion of the voltage detecting circuit is provided until a pulse for 

device is enlarged, and the number of heat-propagating paths starting a subsequent operation is, whereby the current 

is increased, so that a larger heat radiating plate is required. consumption of the voltage detecting circuit can be reduced. 

Accordingly, it is difficult to employ the above-described 60 Also, in at least one of MOS transistor used in the booster 

electronic apparatus for a portable apparatus. circuit, a gate and a channel are of the same conductive type. 

The conventional voltage booster system has first a dis- whereby an absolute value of the threshold voltage of MOS 

advantage that its booster circuit needs to have a plurality of transistor can also be reduce. 

diodes and has a loss caused by the diodes. A Schottky diode By the above-described structure, a small-sized portable 

is often used as the diode in order to reduce a forward 65 apparatus such as a wristwatch using as a power supply a 

voltage drop. However, even using the Schottky diode thermoelectric conversion device or solar cell in which the 

cannot avoid a voltage loss and power loss caused by a voltage is greatly varied can be realized. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a system block diagram showing an electronic 
apparatus according a first embodiment of the present inven- 
tion. 

FIG. 2 is a system block diagram showing an electronic 
apparatus according a second embodiment of the present 
invention. 

FIG. 3 is a system block diagram showing an electronic 
apparatus according a third embodiment of the present 
invention. 

FIG. 4 is a system block diagram showing an electronic 
apparams according a fourth embodiment of the present 
invention. 

FIGS. 5A-B are a perspective plan view and a cross- 15 
sectional view showing a thermoelectric conversion device 
according to the present invention. 

FIG. 6 is a graph showing characteristics of an output 
voltage of the thermoelectric conversion device in accor- 
dance with time-sequential changes. ^0 

FIG. 7 is a perspective plan view in which the thermo- 
electric conversion device of the electronic apparatus 
according to the present invention is provided in a wrist- 
watch. 

25 

FIG. 8 is a cross-sectional view in which the thermoelec- 
tric conversion device of the electronic apparatus according 
to the present invention is provided in a wristwatch, 

FIG. 9 is a block diagram showing a conventional booster 
system. 30 

FIG. 10 is a booster circuit diagram showing a coil 
booster system of the electronic apparatus of the present 
invention. 

FIG. 11 is a circuit diagram showing an oscillator circuit 
used in the coil-boosting operation of the electronic appa- 35 
ratus of the present invention. 

FIG. 12 is a block diagram showing an embodiment of a 
booster system of the electronic apparatus of the present 
invention. 

FIG. 13 is a block diagram showing a booster circuit in a 40 
switched capacitor system of the electronic apparatus of the 
present invention. 

FIG. 14 is a circuit diagram showing a first booster circuit 
in the switched capacitor system of the electronic apparatus 
of the present invention. ^5 

FIG. 15 is a circuit diagram showing a second booster 
circuit in the switched capacitor system of the electronic 
apparatus of the present invention. 

FIG, 16 is a circuit diagram showing third and fourth 
booster circuit in the switched capacitor system of the 
electronic apparatus of the present invention. 

FIG. 17 is a circuit diagram showing an embodiment of 
the booster circuit of the electronic apparatus according to 
the present invention. 

FIG. 18 is a circuit diagram showing a booster circuit of 
the electronic apparatus according to the present invention. 

FIG. 19 is a circuit diagram showing a booster circuit of 
the electronic apparams according to the present invention. 

FIG. 20 is a circuit diagram showing a booster circuit of 50 
the electronic apparatus according to the present invention. 

FIG. 21 is a circuit diagram showing an embodiment of 
the booster circuit of the electronic apparatus according to 
the present invention. 

FIG. 22 is a circuit diagram showing an embodiment of 65 
the booster circuit of the electronic apparatus according to 
the present invention. 
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FIG. 23 is a circuit diagram showing an embodiment of 
the booster circuit of the electronic apparatus according to 
the present invention. 

FIG. 24 is a circuit diagram showing an oscillator circuit 
used in the switched capacitor system of the electronic 
apparatus of the present invention 

FIG. 25 is a circuit diagram showing an embodiment of an 
oscillator circuit of the electronic apparatus according to the 
present invention. 

FIG. 26 is a circuit diagram showing an embodiment of an 
intermittent pulse generator circuit of the electronic appa- 
ratus according to the present invention. 

FIG. 27 is a circuit diagram showing an embodiment of a 
voltage detecting circuit of the electronic apparatus accord- 
ing to the present invention. 

FIG. 28 is a circuit diagram showing an embodiment of a 
signal storage circuit of the electronic apparatus according to 
the present invention. 

FIG. 29 is a circuit diagram showing an embodiment of a 
signal storage circuit of the electronic apparatus according to 
the present invention. 

FIG. 30 is a circuit diagram showing a booster circuit in 
a conventional booster system. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

According to one aspect of the present invention, an 
electronic apparatus 10 is comprised of: a generator in which 
the voltage of power generated changes as time elapses or a 
power supply 11 in which the voltage changes as time 
elapses; a booster circuit 12 for boosting an output voltage 
of the generator or the power supply 11; and an oscillator 
circuit 13 which drives the booster circuit 12. The oscillator 
circuit 13 is operated and the booster circuit 12 is driven by 
an output clock of the oscillator circuit 13, whereby the 
output voltage generated from the generator or the power 
supply 11 is boosted. At this time, the electronic apparatus 
10 according to the present invention, even if the voltage of 
the generator or the power supply 11 changes as times 
elapses to be lower than the minimum driving voltage of the 
oscillator circuit, boosts the voltage to not lower than the 
minimum driving voltage of the oscillator circuit or the 
driving voltage of the driving circuit 42 of the electronic 
apparatus. Thus, the output voltage of the generator or the 
power supply 11 is not required to be always kept at the 
minimum driving voltage of the oscillator circuit or higher, 
so that the generator or the power supply 11 can be down- 
sized. Downsizing of the generator or the power supply 11 
leads to a broader application to a portable apparatus. Also, 
since the voltage not higher than the minimum driving 
voltage of the oscillator circuit, which cannot be boosted in 
the conventional electronic apparatus, can be boosted, there 
is obtained an effect that the power efficiency of the whole 
system can be improved. 

Also, according to another aspect of the present invention, 
an electronic apparatus 10 is comprised of: a generator in 
which the voltage of power generated changes as time 
elapses or a power supply 11 in which the voltage changes 
as time elapses; a booster circuit 12 for boosting an output 
voltage of the generator or the power supply 11; and an 
oscillator circuit 13 which drives the booster circuit 12. 
When the voltage of the generator or the power supply 11 
changes as time elapses so that the voltage exceeds the 
minimum driving voltage of the oscillator circuit 13, the 
oscillator circuit 13 obtains power for starting oscillation 
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from the generator or the power supply 11, The oscillator as time elapses or a power supply 11 in which the voltage 
circuit 13 that has started oscillation drives the booster changes as time elapses; a booster circuit 12 for boosting an 
circuit 12 to thereby boost the output voltage generated by output voltage of the generator or the power supply 11; an 
the generator or the power supply 11. At this time, the oscillator circuit 13 which drives the booster circuit 12; and 
electronic apparatus 10 according to the present invention, 5 a power source 30 provided independently of the generator 
even if the voltage of the generator or the power supply 11 or the power supply 11. The oscillator circuit 13 obtains 
changes as time elapses to be lower than the minimum power necessary for starting oscillation from the power 
driving voltage of the oscillator circuit, boosts the voltage to source 30 provided independently of the generator or the 
not lower than the minimum driving voltage of the oscillator power supply 11. The oscillator circuit 13 that has started 
circuit or the driving voltage of the driving circuit 42 of the jq oscillation drives the booster circuit 12 to thereby boost the 
electronic apparatus. Thus, the output voltage of the gen- output voltage generated by the generator or the power 
erator or the power supply 11 is not required to be always supply 11. At this time, the electronic apparatus 10 accord- 
kept at the minimum driving voltage of the oscillator circuit ing to the present invention, even if the voltage of the 
or higher. Once the voltage exceeds the minimum driving generator or the power supply 11 changes as time elapses to 
voltage of the oscillator circuit, the booster circuit 12 can be 15 be lower than the minimum driving voltage of the oscillator 
driven, and therefore, the generator or the power supply 11 circuit, boosts the voltage to not lower than the minimum 
can be downsized. Downsizing of the generator or the power driving voltage of the oscillator circuit or the driving voltage 
supply 11 leads to a broader application to a portable of the driving circuit 42 of the electronic apparatus. Thus, 
apparatus. Also, since the voltage not higher than the mini- the output voltage of the generator or the power supply 11 
mum driving voltage of the oscillator circuit, which cannot 20 is not required to be always kept at the minimum driving 
be boosted in the conventional electronic apparatus, can be voltage of the oscillator circuit or higher. Further, since the 
boosted, there is obtained an effect that the power efficiency electronic apparatus 10 according to the present invention 
of the whole system can be improved. can continue operating even if the voltage of the generator 
Also, according to still another aspect of the present or the power supply 11 cannot exceed the minimum driving 
invention, an electronic apparatus 10 is comprised of: a 25 voltage of the oscillator circuit as time elapses, the generator 
generator in which the voltage of power generated changes or the power supply 11 can be downsized. Downsizing of the 
as time elapses or a power supply 11 in which the voltage generator or the power supply 11 leads to a broader appli- 
changes as time elapses; a booster circuit 12 for boosting an cation to a portable apparatus. Also, since the voltage not 
output voltage of the generator or the power supply 11; and higher than the minimum driving voltage of the oscillator 
an oscillator circuit 13 which drives the booster circuit 12. 30 circuit, which cannot be boosted in the conventional elec- 
When the voltage of the generator or the power supply 11 tronic apparatus, can be boosted, there is obtained an effect 
changes as time elapses so that the voltage exceeds the that the power efficiency of the whole system can be 
minimum driving voltage of the oscillator circuit 13, the improved. 

oscillator circuit 13 obtains power for starting oscillation Also, according to still another aspect of the present 
from the generator or the power supply 11. The oscillator 35 invention, an electronic apparatus 10 is comprised of: a 
circuit 13 that has started oscillation drives the booster generator in which the voltage of power generated changes 
circuit 12 to thereby boost the output voltage generated by as time elapses or a power supply 11 in which the voltage 
the generator or the power supply 11. The oscillator circuit changes as time elapses; a booster circuit 12 for boosting an 
13 after starting oscillation continuously performs oscilla- output voltage of the generator or the power supply 11; an 
tion using the power boosted by the booster circuit 12. At 40 oscillator circuit 13 which drives the booster circuit 12; and 
this time, the electronic apparatus 10 according to the a power source 30 provided independently of the generator 
present invention, even if the voltage of the generator or the or the power supply 11. The oscillator circuit 13 obtains 
power supply 11 changes as time elapses to be lower than the power necessary for starting oscillation from the power 
minimum driving voltage of the oscillator circuit, boosts the source 30 provided independently of the generator or the 
voltage to not lower than the minimum driving voltage of the 45 power supply 11. The oscillator circuit 13 that has started 
oscillator circuit or the driving voltage of the driving circuit oscillation drives the booster circuit 12 to thereby boost the 
42 of the electronic apparatus. Thus, the output voltage of output voltage generated by the generator or the power 
the generator or the power supply 11 is not required to be supply 11. The oscillator circuit 13 after starting oscillation 
always kept at the minimum driving voltage of the oscillator continuously performs oscillation using the power boosted 
circuit or higher, so that the generator or the power supply 50 by the booster circuit 12. At this time, the electronic appa- 
ll can be downsized. Downsizing of the generator or the ratus 10 according to the present invention, even if the 
power supply 11 leads to a broader application to a portable voltage of the generator or the power supply 11 changes as 
apparatus. Also, once the output voltage of the generator or time elapses to be lower than the minimum driving voltage 
the power supply 11 exceeds the minimum driving voltage of the oscillator circuit, boosts the voltage to not lower than 
of the oscillator circuit, the above-mentioned oscillator 55 the minimimi driving voltage of the oscillator circuit or the 
circuit 13 starts operating, boosts the voltage, and drives the driving voUage of the driving circuit 42 of the electronic 
oscillator circuit 13 using the boosted power. Therefore, it is apparatus. Thus, the output voltage of the generator or the 
possible to continuously drive the driving circuit 42 of the power supply 11 is not required to be always kept at the 
electronic apparatus without any other power sources. Also, minimum driving voltage of the oscillator circuit or higher, 
since the voltage not higher than the minimimi driving 60 Further, since the electronic apparatus 10 according to the 
voltage of the oscillator circuit, which cannot be boosted in present invention can continue operating even if the voltage 
the conventional electronic apparatus, can be boosted, there of the generator or the power supply 11 cannot exceed the 
is obtained an effect that the power efficiency of the whole minimum driving voltage of the oscillator circuit as time 
system can be improved. elapses, the generator or the power supply U can be 
Also, according to still another aspect of the present 65 downsized. Downsizing of the generator or the power sup- 
invention, an electronic apparatus 10 is comprised of: a ply 11 leads to a broader application to a portable apparatus, 
generator in which the voltage of power generated changes Also, once the output voltage of the power source 30 



6,122,185 

9 10 

provided independently of the generator or the power supply system can be improved. Also, when it is attempted to 

11 exceeds the minimum driving voltage of the oscillator charge the capacitor 41 that is not charged, in the case of the 

circuit, the above-mentioned oscillator circuit 13 starts generator or the power supply having a large internal 

operating, boosts the voltage, and drives the oscillator circuit resistance, the output voltage of the generator or the power 

13 using the boosted power Therefore, it is possible to 5 supply U comes to drop so that a considerably long period 

continuously drive the driving circuit 42 of the electronic of time is required for charging the capacitor 41. In the 

apparatus without any other power sources. Further, since it electronic apparatus 10 according to the present invention, 

is not necessary for the power source 30 provided indepen- however, the power after boosting operation is divided into 

dently of the generator or the power supply 11 to always the capacitor 41 or the driving circuit 42 of the electronic 

supply power to the oscillator circuit 13, the power source 10 apparatus according to a value of the voltage boosted by the 

30 can be downsized. Also, since the voltage not higher than booster circuit 12. Therefore, there is obtained such an effect 

the minimum driving voltage of the oscillator circuit, which that the power supplied by the generator or the power supply 

cannot be boosted in the conventional electronic apparatus, 11 can efficiently be consumed. 

can be boosted, there is obtained an effect that the power Also, according to still another aspect of the present 

efficiency of the whole system can be improved. 15 invention, an electronic apparatus 10 is comprised of: a 

Also, according to still another aspect of the present thermoelectric conversion device 71 in which P-type ther- 

invention, an electronic apparatus 10 is comprised of: a moelectric material elements 52 and N-type thermoelectric 

generator in which the voltage of power generated changes material elements 53 are sandwiched between two substrates 

as time elapses or a power supply 11 in which the voltage and form a p-n junction through an electrically conductive 

changes as time elapses; a booster circuit 12 for boosting an 20 material such as metal to be connected in series with one 

output voltage of the generator or the power supply 11; an another; a booster circuit 12 for boosting an output voltage 

oscillator circuit 13 which drives the booster circuit 12; a of the thermoelectric conversion device 71; an oscillator 

Schottky diode 20 for rectifying the power generated by the circuit 13 which drives the booster circuit 12; a Schottky 

generator or the power supply and the power boosted by the diode 20 for rectifying the power generated by the generator 

booster circuit 12; a control circuit 40 for dividing the power 25 or the power supply and the power boosted by the booster 

into a driving circuit 42 of the electronic apparatus and a circuit 12; a control circuit 40 for dividing the power into a 

capacitor 41 or form the capacitor 41 to the driving circuit driving circuit 42 of the electronic apparatus and a capacitor 

42 of the electronic apparatus according to a value of the 41 or from the capacitor 41 to the driving circuit 42 of the 

voltage boosted by the booster circuit 12; the capacitor 41 electronic apparatus according to a value of the voltage 

for accumulating the boosted power to supply the power to 30 boosted by the booster circuit 12; the capacitor 41 for 

the driving circuit 42 of the electronic apparatus; and the accumulating the boosted power to supply the power to the 

driving circuit 42 of the electronic apparatus which operates driving circuit 42 of the electronic apparatus; and the driving 

using the power boosted by the booster circuit 12 or the circuit 42 of the electronic apparatus which operates using 

power accumulated in the capacitor 41. The oscillator circuit the power boosted by the booster circuit 12 or the power 

13 obtained power for starting when the voltage of the 35 accumulated in the capacitor 41. The oscillator circuit 13 

generator or the power supply 11 changes as time elapses so obtains power for starting when the voltage of the thermo- 

tbat the voltage exceeds the minimum driving voltage of the electric conversion device 71 changes as time elapses so that 

oscillator circuit 13, or the oscillator circuit 13 obtains the voltage exceeds the minimum driving voltage of the 

power form the capacitor 41. The oscillator circuit 13 that oscillator circuit 13, or the oscillator circuit 13 obtains 

has started oscillation drives the booster circuit 12 to thereby 40 power from the capacitor 41. The oscillator circuit 13 that 

boost the output voltage generated by the generator or the has started oscillation drives the booster circuit 12 to thereby 

power supply 11. The oscillator circuit 13 after starting boost the output voltage generated by the generator or the 

oscillation continuously performs oscillation using the power supply 11. The oscillator circuit 13 after starting 

power boosted by the booster circuit 12. At this time, the oscillation continuously performs oscillation using the 

electronic apparatus 10 according to the present invention, 45 power boosted by the booster circuit 12. At this time, the 

even if the voltage of the generator or the power supply 11 electronic apparatus 10 according to the present invention, 

changes as time elapses to be lower than the minimum even if the voltage of the thermoelectric conversion device 

driving voltage of the oscillator circuit, boosts the voltage to 71 changes as time elapses to be lower than the minimum 

not lower than the minimum driving voltage of the oscillator driving voltage of the oscillator circuit, boosts the voltage to 

circuit or the driving voltage of the driving circuit 42 of the 50 not lower than the minimum driving voltage of the oscillator 

electronic apparatus. Thus, since the output voltage of the circuit or the driving voltage of the driving circuit 42 of the 

generator or the power supply 11 is not required to be always electronic apparatus. Thus, in the case where the electronic 

kept at the minimum driving voltage of the oscillator circuit apparatus 10 is continuously driven, since the output voltage 

or higher, the generator or the power supply 11 can be of the thermoelectric conversion device 71 is not required to 

downsized. Downsizing of the generator or the power sup- 55 be always kept at the minimum driving voltage of the 

ply 11 leads to a broader application to a portable apparatus. oscillator circuit or higher, the thermoelectric conversion 

Also, once the output voltage of the generator or the power device 71 can be downsized. Downsizing of the generator or 

supply 11 exceeds the minimum driving voltage of the the power supply 11 leads to a broader application to a 

oscillator circuit, the above-mentioned oscillator circuit 13 portable apparatus. Also, once the output voltage of the 

starts operating, boosts the voltage, and drives the oscillator 60 thermoelectric conversion device 71 exceeds the minimum 

circuit 13 using the boosted power. Therefore, it is possible driving voltage of the oscillator circuit, the above-mentioned 

to continuously drive the driving circuit 42 of the electronic oscillator circuit 13 starts operating, boosts the voltage, and 

apparatus without any other power sources. Further, since drives the oscillator circuit 13 using the boosted power, 

the voltage not higher than the minimum driving voltage of Therefore, it is possible to continuously drive the driving 

the oscillator circuit, which cannot be boosted in the con- 65 circuit 42 of the electronic apparatus without any other 

ventional electronic apparatus, can be boosted, there is power sources. Particularly, since the output voltage of the 

obtained an effect that the power efficiency of the whole thermoelectric conversion device 71 at a time instant when 
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a temperature difference generates is several times as large 
as the voltage in a constant state after time elapses, the 
thermoelectric conversion device 71 is suitable for the 
electronic apparatus 10 according to the present invention. 
Further, since the voltage not higher than the aiinimum 5 
driving voltage of the oscillator circuit, which cannot be 
boosted in the convention electronic apparatus, can be 
boosted, there is obtained an effect that the power efficiency 
of the whole system can be improved. Also, when it is 
attempted to charge the capacitor 41 that is not charged, in 10 
the case of the generator or the power supply having a large 
internal resistance, the output voltage of the generator or the 
power supply 11 comes to drop so that a considerably long 
period of time is required for charging the capacitor 41. In 
the electronic apparatus 10 according to the present 15 
invention, however, the power after boosting operation is 
distributed to the capacitor 41 or the driving circuit 42 of the 
electronic apparatus according to a value of the voltage 
boosted by the booster circuit 12. Therefore, there is 
obtained such an effect that the power supplied by the 20 
thermoelectric conversion device 71 can efficiently be con- 
sumed. 

Also, according to still another aspect of the present 
invention, an electronic apparatus 10 is comprised of: a 
generator in which the voltage of power generated changes 25 
as time elapses or a power supply 11 in which the voltage 
changes as time elapses; a booster circuit 12 for boosting an 
output voltage of the generator or the power supply 11; and 
oscillator circuit 13 which drives the booster circuit 12; a 
Schottky diode 20 for rectifying the power generated by the 30 
generator or the power supply and the power boosted by the 
booster circuit 12; a control circuit 40 for dividing the power 
into a watch movement 75 and a capacitor 41 or from the 
capacitor 41 to the watch movement 75 according to a value 
of the voltage boosted by the booster circuit 12; the capacitor 35 
41 for accumulating the boosted power to supply the power 
to the watch movement 75; and the watch movement 75 
including a time display function, which operates using the 
power boosted by the booster circuit 12 or the power 
accumulated in the capacitor 41. The oscillator circuit 13 40 
obtains power for starting when the voltage of the generator 
or the power supply 11 changes as time elapses to that the 
voltage exceeds the minimum driving voltage of the oscil- 
lator circuit 13, or the oscillator circuit 13 obtains power 
from the capacitor 41. The oscillator circuit 13 that has 45 
started oscillation drives the booster circuit 12 to thereby 
boost the output voltage generated by the generator or the 
power supply 11. The oscillator circuit 13 after starting 
oscillation continuously performs oscillation using the 
power boosted by the booster circuit 12. At this time, the so 
electronic apparatus 10 according to the present invention, 
even if the voltage of the generator or the power supply 11 
changes as time elapses to be lower than the minimum 
driving voltage of the oscillator circuit, boosts the voltage to 
not lower than the minimum driving voltage of the oscillator 55 
circuit or the driving voltage of the watch movement 75. 
Thus, since the output voltage of the generator or the power 
supply 11 is not required to be always kept at the minimum 
driving voltage of the oscillator circuit or higher, the gen- 
erator or the power supply 11 can be downsized. Downsizing 60 
of the generator or the power supply 11 leads to a broader 
application to a portable apparatus. Also, once the output 
voltage of the generator or the power supply 11 exceeds the 
minimum driving voltage of the oscillator circuit, the above- 
mentioned oscillator circuit 13 starts operating, boosts the 65 
voltage, and drives the oscillator circuit 13 using the boosted 
power. Therefore, it is possible to continuously drive the 



watch movement 75 without any other power sources. 
Further, since the voltage not higher than the minimum 
driving vohage of the oscillator circuit, which cannot be 
boosted in the conventional electronic apparatus, can be 
boosted, there is obtained an effect that the power efficiency 
of the whole system can be improved. Also, when it is 
attempted to charge the capacitor 41 that is not charged, in 
the case of the generator or the power supply having a large 
internal resistance, the output voltage of the generator or the 
power supply 11 comes to drop so that a considerably long 
period of time is required for charging the capacitor 41. In 
the electronic apparatus 10 according to the present 
invention, however, the power after boosting operation is 
distributed to the capacitor 41 or the watch movement 75 
according to a value of the voltage boosted by the booster 
circuit 12. Therefore, there is obtained such an effect that the 
power supplied by the generator or the power supply 11 can 
efficiently be consumed. 

Also, according to still another aspect of the present 
invention, the structure to be described below is adopted. 
That is, an input terminal 160 is connected to the drain of an 
N-channel type MOS transistor 164 and the source of an 
N-channel type MOS transistor 165, a first clock signal input 
terminal 162 is connected to the gates of the N-channel type 
MOS transistor 165 and an N-channel type MOS transistor 
166, a second clock signal input terminal 163 is connected 
to the gates of the N-channel type MOS transistor 164 and 
an N-channel type MOS transistor 167, the source of the 
N-channel type MOS transistor 164 is connected to the drain 
of the N-cbannel type MOS transistor 166 and a second 
electrode of a capacitor 168, a first electrode of the capacitor 
168 is connected to the drain of the N-channel type MOS 
transistor 165 and the source of the N-channel type MOS 
transistor 167, an output terminal 161 for outputting a 
boosted vohage is connected to the drain of the N-channel 
type MOS transistor 167, and a GND input terminal 169 is 
connected to the source of the N-channel type MOS tran- 
sistor 166. A voltage is boosted by a factor of 2, be repeating 
the operation in which an input voltage is supplied to the 
second electrode of the capacitor 168 the first electrode of 
which is connected to the GND terminal and the input- 
voltage is supplied to the first electrode to thereby output a 
boosted voltage two times higher than the input voltage 
generated at the second electrode. Thus, there is an effect 
that, in the case where a voltage to be boosted is low and 
each of these N-channel type MOS transistor has only to 
supply a voltage not higher than the maximum voltage of 
each N-channel type MOS transistor, it can efficiently boost 
the voltage and farther can boost the voltage however low it 
is. 

Also, according to still another aspect of the present 
invention, the structure to be described below is adopted. 
That is, an input terminal 170 is connected to the drain of an 
N-channel type MOS transistor 174 and the source of an 
N-channel type MOS transistor 175, a first clock signal input 
terminal 172 is connected to the gates of the N-channel type 
MOS transistor 175, 176, and 177, a second clock signal 
input terminal 173 is connected to the gate of the N-channel 
type MOS transistor 174, the source of the N-channel type 
MOS transistor 174 is connected to the drain of the 
N-channel type MOS transistor 176 and a second electrode 
of a capacitor 178, a first electrode of the capacitor 178 is 
connected to the drain of the N-channel type MOS transistor 
175 and the drain of the P<bannel type MOS transistor 177, 
an output terminal 171 for outputting a boosted voltage is 
connected to the source grounded on the substrate of the 
P-channel type MOS transistor 177, and a GND terminal 
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179 is connected to the source of the N-channel type MOS these N-channel type MOS transistors has only to supply a 

transistor 176. A voltage is boosted by a factor of 2, by voltage not higher than the maximum voltage of each 

repeating the operation in which an input voltage is supplied N-channel type MOS transistor, it can eflBciently boost the 

to the second electrode of the capacitor 178 the first elec- voltage and fiirther can boost the voltage however low it is, 

trode of which is connected to the GND terminal and the 5 Also, according to still another aspect of the present 

input voltage is then supplied to the first electrode to thereby invention, the structure to be described below is adopted, 

outputs a boosted voltage two times higher than the input That is, a first input terminal 242 is connected to the drain 

voltage generated at the second electrode. In the structure as of a P-channel type MOS transistor 247, a second input 

described above, in the case where a voltage to be boosted terminal 241 is connected to the source of an N-channel type 

is lower than the maximum voltage of the N-channel type 10 MOS transistor 248, a first clock signal input terminal 244 

MOS transistors 174 and 175 and a boosted voltage gener- is connected to the gate of the P-channel type MOS tran- 

ated at the first electrode of the capacitor 178 is higher than sistors 247, a second clock signal input terminal 245 is 

the minimum voltage which the P-channel type MOS Iran- connected to the gates of N-channel type MOS transistors 

sistor 177 can supply, there is an effect that it can eflBciently 248 and 249, the source of the P-channel type MOS tran- 

boost the voltage. is sistor 247 is connected to the drain of the N-channel type 

Also, according to still another aspect of the present MOS transistor 249 and a second electrode of a capacitor 

invention, the structure to be described below is adopted. 250, a first electrode of a capacitor 250 is connected to the 

That is, an input terminal 180 is connected to the source drain of the N-channel type MOS transistor 248 and an 

grounded on the substrate of a P-channel type MOS tran- output terminal 243 for outputting a boosted voltage, and a 

sistor 184 and the drain of a P-channel type MOS transistor 20 GND input terminal 246 is connected to the source of the 

185, a first clock signal input terminal 182 is connected to N-channel type MOS transistor 249. Such a boosting opera- 

the gates of P-channel type MOS transistor 184 and 187, and tion is repeated that an input voltage is supplied to the first 

the gate of an N-channel type MOS transistor 186, a second electrode of the capacitor 250 and then the input voltage is 

clock signal input terminal 183 is connected to the gate of supplied to the second electrode, to thereby obtain the input 

the P-channel type MOS transistor 185, the drain of the 25 voltage generated at the first electrode plus the voltage 

P-channel type MOS transistor 184 is connected to the drain generated at the second electrode. In the structure as 

of the N-channel type MOS transistor 186 and a second described above, there is an effect that, in the case where a 

electrode of a capacitor 188, a first electrode of a capacitor voltage to be inputted into the second input terminal 241 is 

188 is connected to the source grounded on the substrate of lower than the maximum voltage which the N-channel type 

the P-channel type MOS transistor 185 and the drain of the 30 MOS transistor 248 can supply and a voltage to be inputted 

P-channel type MOS transistor 187, an output terminal 181 into the first input terminal 242 is not lower than the 

for outputting a boosted voltage is connected to the source minimum voltage of the P-channel type MOS transistor 247, 

grounded on the substrate of the P-channel type MOS it can efficiently boost the voltage. 

transistor 187, and a GND terminal 189 is connected to the Also, according to still another aspect of the present 

source of the N-channel type MOS transistor 186. A voltage 35 invention, the structure to be described below is adopted, 

is boosted by a factor of 2, by repeating the operation in That is, an input terminal 300 is connected to the drain of an 

which an input voltage is supplied to the second electrode of N-channel type MOS transistor 306, the gate of the 

the capacitor 188 and the input voltage is then supplied to N-channel type MOS transistor 306 is connected to a first 

the first electrode to thereby output a boosted voltage two clock signal input terminal 302, the source of the N-channel 

times higher than the input voltage generated at the second 40 type MOS transistor 306 is connected to a first electrode of 

electrode. In the structure as described above, the system has a capacitor 308 and the drain of an N-channel type MOS 

a feature that a high voltage can be also boosted if the transistor 307, a second electrode of the capacitor 308 is 

voltage is not lower than the minimum voltage that each connected to a third clock signal input terminal 304, the gate 

P-channel type MOS transistor can supply. of the N-channel type MOS transistor 307 is connected to a 

Also, according to still another aspect of the present 45 second clock signal input terminal 303, the source of the 

invention, the structure to be described below is adopted. N-channel type MOS transistor 307 is connected to a first 

That is, a first input terminal 222 is connected to the drain electrode of a capacitor 309 and an output terminal 301, a 

of an N-channel type MOS transistor 227, an second input second electrode of the capacitor 309 is connected to a 

terminal 221 is connected to the source of an N-channel type fourth clock signal input terminal 305. Power is fed sequen- 

MOS transistor 228, a first clock signal input terminal 224 50 tially from the input terminal 300 to the capacitor 308 and 

is connected to the gate of the N-channel type MOS tran- the capacitor 309 to output the boosted power from the 

sistor 227, a second clock signal input terminal 225 is output terminal 301. In such a structure, there is an effect 

connected to the gates of the N-channel type MOS transistor that, in the case where a voltage to be boosted is low or Vdd 

228 and 229, the source of the N-channel type MOS is high and the maximum voltage which each of the 

transistor 227 is connected to the drain of the N-channel type 55 N-channel type MOS transistors can supply is also high, and 

MOS transistor 229 and a second electrode of a capacitor each N-channel type MOS transistor has only to supply a 

210, a first electrode of the capacitor 210 is connected to the voltage not higher than the maximum voltage of each 

drain of the N-channel type MOS transistor 228 and an N-channel type MOS transistor, it can eflBciently boost the 

output terminal 223 for outputting a boosted voltage, and a voltage and fiirther can boost the voltage however low it is. 

GND input terminal 226 is connected to the source of the 60 Also, according to still another aspect of the present 

N-channel type MOS transistor 229. Such a boosting opera- invention, the structure to be described below is adopted, 

tion is repeated that an input voltage is supplied to the first That is, an input terminal 311 is connected to the drain of a 

electrode of the capacitor 210 and then the input voltage is P-channel type MOS transistor 317, the gate of the 

supplied to the second electrode, to thereby obtain a boosted P-cbannel type MOS transistor 317 is connected to a second 

voltage generated at the first electrode plus a voltage at the 65 clock signal input terminal 314, the source of the P-channel 

second electrode. In such a structure, there is an effect that, type MOS transistor 317 is connected to a first electrode of 
in the case where a voltage to be boosted is low and each of a capacitor 319 and the drain of a P-channel type MOS 
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transistor 318, a second electrode of the capacitor 319 is and the voltage detecting circuit is operated intermittently by 

connected to a third clock signal input terminal 315, the gate intermittent pulses generated by the intermittent pulse gen- 

of the P-channel type MOS transistor 318 is connected to a erator circuit, and a detection signal outputted at the time of 

first clock signal input terminal 313, the source of the operation of the voltage detecting circuit is inputted into the 
P-channel type MOS transistor 318 is connected to a first 5 booster circuit through the signal storage circuit, and a 

electrode of a capacitor 320 and an output terminal 312, a detection signal at the time of operation of the voltage 

second electrode of the capacitor 320 is connected to a detecting circuit continues to be outputted to the booster 

fourth clock signal input terminal 316. Power is fed sequen- circuit until the next operation. 

tially from the input terminal 311 to the capacitor 319 and Moreover, it is recommended that each of the circuits in 
the capacitor 320 to output the boosted power from the lO a booster system of the present invention keeps low the 

output terminal 312. In such a structure, there is an effect absolute value of a threshold voltage of each MOS transistor 

that, in the case where a voltage to be boosted is high and forming each circuit in the booster system by making 

each of these P-channel type MOS transistors supplies a respectively a P-channel type MOS transistor have a P-type 

voltage that is not lower than the minimum voltage which gate or an N-channel type MOS transistor have an N-type 
each P-channel type MOS transistor can supply, it can 15 gate so as to operate at a lower voltage, namely, by making 

eflBciently boost the voltage and further can boost the voltage it possible to suppress an off-leak current even in case of 

however high it is. lowering the absolute value of the threshold voltage. 

A booster circuit of a booster system of the present Although a power supply of this booster system may be 

invention boosts a voltage by charging and discharging a any power supply which generates an electromotive voltage, 

capacitor by means of the N-channel type MOS transistor or 20 system is effective to boost a voltage of a thermoelectric 

the P-channel type MOS transistor conversion device, a solar cell, a charged capacitor which 

The booster circuit of a booster system of the present vary in electromotive voltage, and particularly this booster 
invention may have any circuit system basically having such system has features of making it possible to operate at a low 
an arrangement, but the following three circuit systems are voltage and boost a voltage in a high efficiency, and there- 
recommended; a first circuit system which boosts a voltage fore it can make a thermoelectric conversion device small in 
by a factor of 2n by means of a plurality of booster circuits volume and realize such a small-sized portable apparatus as 
connected in series with one another each of which boosts a a wristwatch and the like having a thermoelectric conversion 
voltage by a factor of 2, by repeating the operation in which device as a power supply by being used in boosting a voltage 
an input voltage is supplied to a second electrode of the of the thermoelectric conversion device giving an insuffi- 
capacitor the first electrode of which is connected to a GND cient electromotive voltage for its volume, 
terminal and the input voltage is then supplied to the first . 
electrode to thereby output a boosted voltage two times 

higher than the input voltage generated at the second elec- Embodiments of the present invention are described with 

trode; or a second circuit system that boosts a voltage by a reference to the drawings. 

factor of (1+n) by charging a plurality of capacitors in FIG. 1 is a block diagram showing a structure of the 
parallel and then connecting the capacitors in series with one embodiment 1 according to the present invention, 
another; and furthermore a third circuit system which ^n electronic apparatus 10 of this embodiment is corn- 
replaces a diode of the conventional booster circuit with an prised of: a generator in which the voltage of power gener- 
MOS transistor and thereby boosts a voltage by a factor of ated changes as time elapses or a power supply 11 in which 
(1+n). 

the voltage changes as time elapses; a booster circuit 12 for 

In an oscillator circuit of a booster system of the present boosting an output voltage of the generator or the power 

invention, it is recommended that its power source voltage supply 11 ; and an oscillator circuit 13 which drives the 

is a boosted voltage in order to display to the utmost the booster circuit 12. 

ability of an MOS transistor receiving a clock signal from Connection of each circuit wiU now be described. An 

the oscillator circuit with its gate, namely in order to make output terminal of the generator or the power supply 11 is 

the MOS transistor receive a clock signal having the highest connected to an electromotive force input terminal of the 

voltage, namely, the wave height value of the boosted booster circuit 12. A clock signal input terminal of the 

voltage. Moreover, in the case where the voltage of a power booster circuit 12 is connected to a clock signal output 

supply varies, in order to obtain the optimal voltage accord- terminal of the oscillator circuit 13. Then, a boosted power 

ing to the voltage of the power source, it is preferable that is taken out from a boosted voltage output terminal 14 of the 

a clock signal is made so as to vary according to the voltage booster circuit 12. 

of the power source. Namely, it is recommended that the Next, the principle of operation of the electronic apparatus 
oscillator circuit vary the frequency of Its output clock signal according to this embodiment will be described. First, a 
accordmg to the voltage of the power supply. ^o^age is applied to a Vdd input terminal of the oscillator 
On the other hand, it is recommended that a booster circuit 13 to operate the oscillator circuit 13 and output a 
system of the present invention is provided with a voltage clock signal having a desired frequency to the clock signal 
delecting circuit for detecting the voltage of a power supply output terminal. This clock signal is inputted into the clock 
and changes the boosting factor of a booster circuit accord- signal input terminal of the booster circuit 12 for boosting 
ing to a detection signal outputted from the voltage detecting operation. The booster circuit 12 boosts the power of the 
circuit according to the voltage of the power supply. generator or the power supply 11 inputted from the electro- 
It is recommended that the voltage detecting circuit of the motive force input terminal according to a frequency and 
present invention operates intermittently in order to reduce duty of the clock signal to output the boosted power to the 
its current consumption, and it is recommended that the boosted voltage output terminal 14. 
booster system is provided additionally with an intermittent 65 Here, even if a voltage lower than the minimum driving 
pulse generator circuit and a signal storage circuit in order voltage of the oscillator circuit 13 is inputted into the 
to make the voltage detecting circuit operate intermittently, electromotive force input terminal of the booster circuit 12, 
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the booster circuit 12 can boost the voltage up to a voltage 
by which all the circuits in the electronic apparatus can be 
operated. The electronic apparatus 10 operates using the 
boosted power. 

By employing the above -described structure, the output 
voltage of the generator or the power supply 11 is not 
required to be always kept at the minimum driving voltage 
of the oscillator circuit or higher, so that the generator or the 
power supply 11 can be downsized. Downsizing of the 
generator or the power supply 11 leads to broad application 
to a portable apparatus. Also, since the voltage not higher 
than the minimum driving voltage of the oscillator circuit, 
which cannot be boosted in the conventional electronic 
apparatus, can be boosted, there is obtained an effect that the 
power efficiency of the whole system can be improved. 

Embodiment 2 

FIG. 2 is a block diagram showing a structure of the 
embodiment 2 according to the present invention. 

An electronic apparatus 10 of this embodiment is com- 
prised of: a generator in which the voltage of power gener- 
ated changes as time elapses or a power supply 11 in which 
the voltage changes as time elapses; a booster circuit 12 for 
boosting an output of the generator or the power supply 11; 
an oscillator circuit 13 which drives the booster circuit 12; 
and a Schottky diode 20 for rectifying the power generated 
by the generator or the power supply 11 and the power 
outputted from the booster circuit 12. 

Connection of each circuit will now be described. An 
output terminal of the generator or the power supply 11 is 
connected to the electromotive force input terminal of the 
booster circuit 12; a P-type electrode of the Schottky diode 
20 is connected to an output terminal of the generator or the 
power supply 11; an N-type electrode of the Schottky diode 

20 is connected to a Vdd input terminal of the oscillator 
circuit 13; a clock signal input terminal of the booster circuit 

21 is connected to a clock signal output terminal of the 
oscillator circuit 13; a boosted voltage output terminal 14 of 
the booster circuit 12 is connected to the Vdd input terminal 
of the oscillator circuit 13. Then, a boosted power is taken 
from the boosted voltage output terminal 14 of the booster 
circuit 12. 

Next, the principle of operation of the electronic apparatus 
according to this embodiment will be described. When the 
output voltage of the generator or the power supply 11 
changes from a non-output state (namely, the output 
voltageBQ V) as time elapses so that the voltage exceeds the 
minimum driving voltage of the oscillator circuit 13, the 
voltage of the generator or the power supply 11 is inputted 
into the Vdd input terminal of the oscillator circuit 13 via the 
Schouky diode 20 to drive the oscillator circuit 13 and start 
oscillation. The oscillator circuit 13 that has started oscilla- 
tion outputs the clock signal to the clock signal output 
terminal and inputs the signal in the clock signal input 
terminal of the booster circuit 12. The booster circuit 12 
receives the clock signal to start boosting the output voltage 
of the generator or the power supply 11. At this time, since 
the boosted voltage output terminal 14 of the booster circuit 
12 is connected to the Vdd input terminal of the oscillator 
circuit 13, the boosted voltage is used as the power supply 
of the oscillator circuit 13. The Schottky diode 20 is con- 
nected between the output terminal of the generator or the 
power supply 11 and the Vdd input terminal of the oscillator 
circuit 13. Accordingly, once the oscillator circuit 13 oper- 
ates to start boosting, the oscillator circuit 13 utilizes the 
voltage boosted by the booster circuit 12 as the power 
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supply. For this reason, once the voltage of generator or 
power supply 11 exceeds the minimum driving voltage of 
the oscillator circuit 13, even if the voltage falls below the 
minimum driving voltage of the oscillator circuit as time 

5 elapses, the boosting operation can be continued and the 
electric apparatus 10 continuously is driven. 

Conventionally, in the case where the oscillator circuit 13 
is driven by the output voltage of the generator or the power 
supply 11, a large margin is required for outputting the 

10 voltage so that the output voltage of the generator or the 
power supply 11 does not fall below the minimum driving 
voltage of the oscillator circuit at any time. For this reason, 
the size of the generator or the power supply 11 has been 
increased. In the present invention, however, since the 

15 above-described structure is employed, the output voltage of 
the generator or the power supply 11 is not required to be 
always kept at the minimum driving voUage of the oscillator 
circuit or higher, so that the generator or the power supply 

11 can be downsized. Downsizing of the generator or the 
20 power supply 11 leads to broad application to a portable 

apparatus. Also, once the output voltage of the generator or 
the power supply 11 exceeds the minimum driving voltage 
of the oscillator circuit, the above-mentioned oscillator 
circuit 13 starts operating, boosts the voltage, and drives the 

25 oscillator circuit 13 using the boosted power. Therefore, it is 
possible to continuously drive the driving circuit 42 of the 
electronic apparatus without the other power sources. Also, 
since the voltage not higher than the minimum driving 
voltage of the oscillator circuit, which cannot be boosted in 

^0 the conventional electronic apparatus, can be boosted, there 
is obtained an effect that the power efficiency of the whole 
system can be improved. 

Embodiment 3 

FIG. 3 is a block diagram showing a structure of the 
embodiment 3 of the present invention. 

An electronic apparatus 10 according to the embodiment 
3 is comprised of: a generator in which the voltage of power 
40 generated changes as time elapses or a power supply 11 in 
which the voltage changes as time elapses; a booster circuit 

12 for boosting an output voltage of the generator or the 
power supply 11; an oscillator circuit 13 which drives the 
booster circuit 12; a Schottky diode 31 for rectifying the 

45 power generated by the generator or the power supply 11 and 
the power outputted by the booster circuit 12; and the power 
source 30 provided independently of the generator or the 
power supply 11. 

Connection of each circuit will now be described. An 

50 output terminal of the generator or the power supply 11 is 
connected to an electromotive force input terminal of the 
booster circuit 12; a clock signal input terminal of the 
booster circuit 12 is connected to a clock signal output 
terminal of the oscillator circuit 13; a P-lype electrode of the 

55 Schottky diode 31 is connected to an output terminal of the 
power source 30; an N-type electrode of the Schottky diode 
31 is connected to a Vdd input terminal of the oscillator 
circuit 13; a boosted voltage output terminal 14 of the 
booster circuit 12 is connected to the Vdd input terminal of 

60 the oscillator circuit 13. Then, a boosted power is taken from 
the boosted voltage output terminal 14 of the booster circuit 
12. 

Next, the principle of operation of the electronic apparatus 
according to this embodiment will be described. First, the 
65 voltage exceeding the minimum driving voltage of the 
oscillator circuit 13 is inputted &om the power source 30 
provided independently of the generator or the power supply 
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11, via the Schottky diode 31, into the Vdd input terminal of Connection of each circuit will now be described. An 

the oscillator circuit 13 to drive the oscillator circuit 13 using output terminal of the generator or the power supply 11 is 

the voltage from the power source 30 and start oscillation. connected to an electromotive force input terminal of the 

The oscillator circuit 13 that has started oscillation outputs booster circuit 12; a P-type electrode of the Schottky diode 

the clock signal to the clock signal output terminal and 5 20 is connected to the output terminal of the generator or the 

inputs the signal in the clock signal input terminal 36 of the power supply 11; an N-lype electrode of the Schottky diode 

booster circuit 12. The booster circuit 12 receives the clock 20 is connected to a Vdd input terminal of the oscillator 

signal to start boosting the output voltage of the generator or circuit 13; a clock signal input terminal of the booster circuit 

the power supply 11. At this time, since the boosted voltage 12 is connected to a clock signal output terminal of the 

output terminal 14 of the booster circuit 12 is connected to oscillator circuit 13; a boosted voltage output terminal 14 of 

the Vdd input terminal of the oscillator circuit 13 the ^^^^^^ ^^^-^ ^2 is connected to the Vdd input terminal 

boosted voltage IS used as the power supply of the o^^^^^^ ^^^^^^^^ ^^^^^ ^3 ^^^^^^ 

circuit 13. Accordmgly once the oscillator circuit 13 oper- ^^^^^ ^^^^^^ ^^^^^ ^2 ^ connected to an input 

ates to start boosting, the oscillator circuit 13 utilizes the . • 1 r * 1 • •* * • 1 c fu 

voltageboostedby theboostercircuitl2 asthepowersupply ''^'^'^f ^. "'"^'^^ ^ ^^P^^^^«^ °! 

and ifis not necessary to supply the power from the supply ^5 control arcuit is connected to an mput terminal of the 

source 30. For this reason, even if the voltage of the capacitor, and an output termmal of the control circuit is 

generator or the power supply 11 falls below the minimum connected to a power terminal of the dnvmg circuit 42 of the 

driving voltage of the oscillator circuit as time elapses, the electromc apparatus. Herem, the voltage of the output ter- 

boosting operation can be continued and the electric appa- minal of the generator or power source 11 is represented as 

ratus 10 continuously is driven. Thus, the output voltage of 20 "Vp", the voltage of the boosted voltage output terminal 14 

the generator or the power supply 11 is not required to be of the booster circuit 12 as " Vpp", the voltage of the power 

always kept at the minimum driving voltage of the oscillator terminal of the driving circuit 42 of the electronic apparatus 

circuit or higher. Further, since the electronic apparatus 10 as "Vic", the voltage of the input terminal of the capacitor 

according to the present invention can continue operating 41 as "Vca". Description will be made employing these 

even if the voltage of the generator or the power supply 11 25 symbols hereinunder. 

cannot exceed the minimum driving voltage of the oscillator jsjgxt, the principle of operation of the electronic apparatus 

circuit as time elapses, the generator or the power supply 11 according to this embodiment will be described. When the 

can be downsked. Downsizing of the generator or the power ^ ^^^^ y generator or the power supply 11 

supply 11 leads to broad application to a portable apparati^^ ^^^^ ^ non-output state (namely, the output 

Also once the output voUage of the power source 30 3^ voltage=0 V) as time elapses so that the output voltage Vp 

providedindependentlyof the generator or the power supply j *u • • j - - 1* r *u -n * 

11 exceeds thV minimum driving vohage of the oscillator ^^^eeds the mimmum drivmg voltage of the oscUlator 

circuit 13, the above-mentioned oscillator circuit 13 starts ^^^^^ ^^^^ ^^IP^^ ^^^^^g^ Vp of the generator or the power 

operating, boosts the voltage, and drives the oscillator circuit supply 11 is mputted into the Vdd mput terminal of the 

13 using the boosted power. Therefore, it is possible to oscillator circuit 13 via the Schottky diode 20 to drive the 

continuously drive the driving circuit of the electronic 35 oscillator circuit 13 and start oscillation. The oscillator 

apparatus without the other power sources. Further, since it circuit 13 that has started oscillation outputs the clock signal 

is not necessary for the power source 30 provided indepen- to the clock sigrial output terminal and inputs the signal in 

dently of the generator or the power supply 11 to always the clock signal input terminal of the booster circuit 12. The 

supply power to the oscillator circuit 13, the power source booster circuit 12 receives the clock signal to start boosting 

30 can be downsized. Also, since the voltage not higher than 40 the output voltage of the generator or the power supply 11. 

the minimum driving voltage of the oscillator circuit, which At this time, since the boosted voltage output terminal 14 of 

cannot be boosted in the conventional electronic apparatus, the booster circuit 12 is connected to the Vdd input terminal 

can be boosted, there is obtained an effect that the power of the oscillator circuit 13, the boosted voltage is used as the 

efficiency of the whole system can be improved. power supply of the oscillator circuit 13. The Schottky diode 

45 20 is connected between the output terminal of the generator 

Embodunent 4 p^^^^. ^^^^^^ ^^^^ terminal of the 

FIG, 4 is a block diagram showing a structure of the oscillator circuit 13. Accordingly, once the oscillator circuit 

embodiment 4 according to the present invention. 13 operates to start boosting, the oscillator circuit 13 utilizes 

An electronic apparatus 10 of this embodiment is com- the voltage boosted by the booster circuit 12 as the power 

prises of: a generator in which the voltage of power gener- 50 supply. For this reason, once the voltage of generator or 

ated changes as time elapses or a power supply 11 in which power supply 11 exceeds the minimum driving voltage of 

the voltage changes as time elapses; a booster circuit 12 for the oscillator circuit 13, even if the voltage falls below the 

boosting an output voltage of the generator or the power minimum driving voltage of the oscillator circuit as time 

supply 11; an oscillator circuit 13 which drives the booster elapses, the boosting operation can be continued. Also, in 

circuit 12; a Schottky diode 20 for rectifying the power 5S this system, the voltage of the capacitor 41 can be used as 

generated by the generator or the power supply and the an oscillation starting voltage of the oscillator circuit 13. 

power boosted by the booster circuit 12; a control circuit 40 That is, the voltage is applied to the Vdd input terminal of 

for dividing the power into a driving circuit 42 of the the oscillator circuit 13 via the control circuit 40 to start 

electronic apparatus and a capacitor 41 or from the capacitor oscillation. Once the oscillator circuit 13 operates to start 

41 to the driving circuit 42 of the electronic apparatus 60 boosting, the boosted voltage becomes the power supply for 

according to a value of the voltage boosted by the booster the oscillator circuit 13 similar to the above-described 

circuit 12; the capacitor 41 for accumulating the boosted operation. The control circuit 40 that receives the boosted 

power to supply the power to the driving circuit 42 of the voltage Vpp distributes power into driving circuit 42 of the 

electronic apparatus; and the driving circuit 42 of the electronic apparatus and the capacitor 41 based upon a value 

electronic apparatus which operates using the power boosted 65 of the boosted voltage Vpp. In the case where the boosted 

by the booster circuit 12 or the power accumulated in the voltage Vpp is just equal to a voltage necessary for driving 

capacitor 41. the driving circuit 42 of the electronic apparatus, the control 
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circuit 40 supplies the power boosted by the booster circuit 
12 to the driving circuit 42 of the electronic apparatus. If the 
boosted voltage Vpp is sufficient for driving the driving 
circuit 42 of the electronic apparatus, the control circuit 40 
supplies the boosted power to both the driving circuit 42 of 
the electronic apparatus and the capacitor 41. In the case 
where the boosted voltage Vpp is such a voltage that cannot 
drive the driving circuit 42 of the electronic apparatus, the 
control circuit 40 supplies power from the capacitor 41 to the 
driving circuit 42 of the electronic apparatus. By this 
operation, even if the boosted voltage drops and cannot drive 
the driving circuit 42 of the electronic apparatus, operation 
can be performed by the power from the capacitor 41. 
Therefore, the driving circuit 42 of the electronic apparatus 
can continuously be driven. 

By employing the structure as described above, since the 
output voltage of the generator or the power supply 11 is not 
required to be always kept at the minimum driving voltage 
of the oscillator circuit or higher, the generator or the power 
supply 11 can be downsized. Downsizing of the generator or 
the power supply 11 leads to broad application to a portable 
apparatus. Also, once the output voltage of the generator or 
the power supply 11 exceeds the minimum driving voltage 
of the oscillator circuit, the above-mentioned oscillator 
circuit 13 starts operating, boosts the voltage, and drives the 
oscillator circuit 13 using the boosted power. Therefore, it is 
possible to continuously drive the driving circuit 42 of the 
electronic apparatus without the other power sources. 
Further, since the voltage not higher than the minimum 
driving voltage of the oscillator circuit, which cannot be 
boosted in the conventional electronic apparatus, can be 
boosted, there is obtained an effect that the power efficiency 
of the whole system can be improved. Also, when it is 
attempted to charge the capacitor 41 that is not charged, in 
the case of the generator or the power supply having a large 
internal resistance, the output voltage of the generator or the 
power supply 11 comes to drop so that a considerably long 
period of time is required for charging the capacitor 41. In 
the electronic apparatus 10 according to the present 
invention, however, the power after boosting operation is 
distributed to the capacitor 41 or the driving circuit 42 of the 
electronic apparatus according to a value of the voltage 
boosted by the booster circuit 12. Accordingly, it is possible 
for the driving circuit 42 of the electronic apparatus to 
operate immediately if the boosted voltage Vpp is equal to 
or higher than a voltage by which the driving circuit 42 can 
be driven. Therefore, there is obtained such an effect that the 
power supplied by the generator or the power supply can 
efficiently be consumed. 

Embodiment 5 

According to the embodiment 5 of the present invention, 
the generator or the power supply 11 is comprised of 
thermoelectric conversion devices 71. As shown in a top 
view and side view of the thermoelectric conversion devices 
71 of FIG. 5, P4ype thermoelectric material elements 52 and 
N-type thermoelectric material elements 53 are sandwiched 
between two substrates 50 and 51, and, on the substrate, 
P-lype thermoelectric material elements 52 and N-type 
thermoelectric material elements 53 form a p-n junction 
through an electrically conductive material 54 and 55 such 
as metal to be connected in series with one another in a 
p-n-p-n manner. When the temperature difference is applied 
between p-n junctions, the thermoelectric conversion 
devices 71 generate a potential difference corresponding to 
the temperature difference. Therefore, when the number of 
p-n junctions is increased, a high voltage is generated. 



Accordingly, when a temperature difference is applied 
between the substrate 50 and substrate 51, a potential 
difference is generated between electrodes 56 and 57 of the 
thermoelectric conversion device 71. In the present 

5 invention, power is generated with the substrate SO as a high 
temperature side and with the substrate 51 as a low tem- 
perature side. FIG. 6 shows a time-sequential change of an 
electromotive voltage generated when a temperature differ- 
ence is applied between substrates 50 and 51 of the ther- 

10 moelectric conversion devices 71. As seen from the results 
of measurement, the voltage sharply increases immediately 
after the temperature difference is applied between the 
substrates of the thermoelectric conversion devices 71, but 
the voltage drops after passing a peak, and saturates at a 

15 certain value. Immediately after the temperature difference 
is given between the substrates, since the given temperature 
difference is directly applied to the thermoelectric conver- 
sion devices 71, a high voltage can be generated. As time 
elapses, however, heat is propagated from the substrate 50 to 

20 the substrate 51 through the P-type and N-type thermoelec- 
tric material elements 52 and 53, and the temperature 
difference between the substrates 50 and 51 is decreased. 
Accordingly, the generated voltage is also decreased. This 
phenomenon is an inevitable problem in using the thermo- 

25 electric conversion devices 71. For this reason, 
conventionally, thermoelectric material elements have to be 
connected in series so that the output voltage of the ther- 
moelectric conversion devices 71 is always kept now lower 
than the minimum driving voltage of the driving circuit 42 

30 of the electronic apparatus or the oscillator circuit 13 even 
if a saturated state. Further, since the thermoelectric con- 
version devices 71 generate power by a temperature 
difference, and are greatly influenced by the atmospheric 
temperature, a larger number of thermoelectric material 

35 elements are connected in series with one another. For this 
reason, the size of the thermoelectric conversion devices 71 
is increased and the number of heat-propagating paths is also 
increased, which requires a larger heat radiating plate for the 
substrate 51. However, in the electronic apparatus 10 

40 according to the present invention, when the output voltage 
of the thermoelectric conversion devices 71 changes from a 
non-output state (namely, the output voltage=0 V) as time 
elapses so that the output voltage exceeds the minimum 
driving voltage of the oscillator circuit, the voltage of the 

45 generator or the power supply 11 is inputted into the Vdd 
input terminal of the oscillator circuit 13 via a Schottky 
diode 20 to drive the oscillator circuit 13 and start oscilla- 
tion. The oscillator circuit 13 that has started oscillation 
outputs the clock signal to the clock signal output terminal 

50 and inputs the signal in the clock signal input terminal of the 
booster circuit 12. The booster circuit 12 receives the clock 
signal to start boosting the output voltage of the generator or 
the power supply 11. The oscillator circuit 13 that has started 
oscillation continuously performs oscillation using the 

55 power boosted by the booster circuit 12. As this time, since 
the boosted voltage output terminal 14 of the booster circuit 
12 is connected to the Vdd input terminal of the oscillator 
circuit 13, the boosted voltage is used as the power supply 
of the oscillator circuit 13. The Schottky diode 20 is con- 

60 nected between the output terminal of the generator or the 
power supply 11 and the input terminal of the oscillator 
circuit 13. Accordingly, once the oscillator circuit 13 oper- 
ates to start boosting, the oscillator circuit 13 utilizes the 
voltage boosted by the booster circuit 12 as the power 

65 supply. For this reason, once the output voltage of the 
thermoelectric conversion devices 71 exceeds the minimum 
driving voltage of the oscillator circuit 13, even if thermal 
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saturation occurs as time elapses and the voltage falls below 
the minimum driving voltage of the oscillator circuit, the 
boosting operation can be continued and the electronic 
apparatus 10 can continuously be driven. Therefore, if a 
peak value of the output voltage of the thermoelectric 5 
conversion devices 71 as shown in FIG. 6 is not lower than 
the minimum driving voltage of the oscillator circuit, the 
boosting operation is conducted to continuously drive the 
electronic apparatus 10 even if the output voltage of the 
thermoelectric conversion devices 71 is in a saturated state. 10 
The present invention enables the size of the thermoelectric 
conversion devices 71 to be decreased compared with con- 
ventional ones. 
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Description will be made of the case where the electronic 
apparatus 10 according to the embodiment 5 is employed for 
a wristwatch. Incidentally, this description can be apply to 
the case where the present embodiment is employed for the 
electronic apparatus 10 having another time display func- 20 
tion. 

The electronic apparatus 10 according to the embodiment 
5 which is employed for the wristwatch is comprised of: a 
thermoelectric conversion device 71; a booster circuit 12 for 
boosting an output voltage of the thermoelectric conversion 25 
device 71; an oscillator circuit 13 which drives the booster 
circuit 12; a Schottky diode 20 for rectifying the power 
generated by the thermoelectric conversion device 71 and 
the power boosted by the booster circuit 12; a control circuit 
40 for dividing the power into a watch movement 75 and a 30 
capacitor 41 or from the capacitor 41 to the watch movement 
75 according to a value of the voltage boosted by the booster 
circuit 12; the capacitor 41 for accumulating the boosted 
power to supply the power to the watch movement 75; and 
the watch movement 75 which operates using the power 35 
boosted by the booster circuit 12 or the power accumulated 
in the capacitor 41. Connection in the above-described 
structure is the same with the connection as described in the 
embodiment 4. 

FIG. 7 is a cross-sectional view showing a case where the 40 
thermoelectric conversion devices 71 are incorporated into 
the wristwatch. The wristwatch is composed of: a case 70 
made of a material that has a high thermal conductivity such 
as metal; a back cover 73; a plastic member 74 for prevent- 
ing heat generated on a wrist surface from propagating to the 45 
case 70; a watch movement 75; a dial 72; a surface glass 76 
covering the dial 72; and thermoelectric conversion devices 
71. The circuits used in this embodiment are formed in the 
watch movement 75. The back cover 73 is brought into 
contact with a substrate 50 of the thermoelectric conversion 50 
devices 71 and the heat generated on the wrist surface is 
made to propagate to the substrate 50 of the thermoelectric 
conversion devices 71. Another substrate 51 of the thermo- 
electric conversion devices 71 is brought into contact with 
the case 70 of the wristwatch and serves as a heat radiating 55 
plate for radiating the heat to the atmosphere. The plastic 
member 74 is a heat insulating material for preventing the 
heat of the back cover 73 increased by the heat generated on 
the wrist surface from propagating to the case 70 of the 
wristwatch. When the wristwatch having the above- 60 
described structure is worn on a wrist, a temperature differ- 
ence is generated between the two substrates of the thermo- 
electric conversion devices 71 to produce a voltage. In this 
case, in order to effectively generate a temperature differ- 
ence between the substrates of the thermoelectric conversion 65 
devices 71, a difference is made between the heat capacities 
above and below the substrate. Namely, the total heat 



capacity of the substrate 51 of the thermoelectric conversion 
devices and case 70 is made to be larger than the total the 
capacity of the back cover 73 and the substrate 50 of the 
thermoelectric conversion devices. This prevents the heat of 
the substrate 50 from propagating to the substrate 51 via 
thermoelectric material elements and ofi^tting the tempera- 
ture difference between the substrates to be saturated, so that 
the temperature difference is effectively produced between 
the substrates of thermoelectric conversion devices 71. Also, 
FIG. 8 is a perspective top view in which twelve mudules 
that are devices each including a plurality of p-n junctions of 
the thermoelectric conversion devices 71 which are con- 
nected in series with one another are connected in series with 
one another in the wristwatch. (In this case, one of the above 
devices is considered as one module.) Such a connection 
enables gaining the output voltage of the thermoelectric 
conversion devices 71. 

In the wristwatch according to this embodiment, twelve 
modules having fifty pairs of the p-n junctions of the 
thermoelectric conversion devices 71 are connected in series 
with one another, and threshold vohages of transistors in the 
oscillator circuit 13 and booster circuit 12 are set to 0.3 V. 
These values must be changed depending upon the size of 
the wristwatch and the endothermic/heating values. 

In the thermoelectric conversion devices 71, the power 
generated per thermoelectric material element is about 200 
fxVrC^ When the watch movement 75 that drives at 1.5 V is 
directly driven by the thermoelectric conversion devices 71, 
assuming that the temperature difference between the sub- 
strates is 2* C, at least 18,125 pairs of p-n jimction pairs are 
required. However, it is difficult from the technical stand- 
point to contain about 2,000 pairs of devices in the wrist- 
watch. Accordingly, the number of p-n junctions has to be 
decreased to thereby boost a vohage and gain 1.5 V. In this 
case, however, the voltage is a constant state, which is 
generated by the thermoelectric conversion devices 71, must 
exceed the minimum driving voltage of the oscillator circuit 
13 that drives the booster circuit 12. To the contrary, in this 
embodiment, since characteristics of the thermoelectric con- 
version devices 71 as shown in FIG. 6 is utilized, when the 
generated voltage immediately after the wristwatch is worn 
on a wrist exceeds the minimum driving voltage of the 
oscillator circuit, the boosting operation is possible even if 
the generated voltage in a constant state (in a thermally 
saturated state) is lower than the minimum driving voltage 
of the oscillator circuit. 

In this embodiment, the voltage immediately after the 
wristwatch is worn on the wrist is about 2 V, and a power 
generating ability in a constant state is about 0.5 V. Also, 
when the threshold voltage of the transistor is 0.3 V, the 
minimum driving voltage of the oscillator circuit 13 is about 
0.7 V. 

The principle of operation in this embodiment will be 
described. When the output voltage of the thermoelectric 
conversion devices 71 changes from a non-output state 
(namely, the output voltage^Q V) so that the output voltage 
exceeds the minimum driving voltage of the oscillator 
circuit after the wristwatch is worn on the wrist, the output 
voltage is inputted into the Vdd input terminal of the 
oscillator circuit 13 via the Schottky diode 20 to drive the 
oscillator circuit 13 and start oscillation. The oscillator 
circuit 13 that has started oscillation outputs a clock signal 
to a clock signal output terminal and inputs the signal in a 
clock signal input terminal of the booster circuit 12. The 
booster circuit 12 receives the clock signal to start boosting 
the output voltage of the thermoelectric conversion devices 
71. At this time, since a boosted voltage output terminal 14 
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of the booster circuit 12 is connected to the Vdd input 
terminal of the oscillator circuit 13, the boosted voltage is 
used as the power supply of the oscillator circuit 13. The 
Schottky diode 20 is connected between an output terminal 
of the thermoelectric conversion device 71 and the input 5 
terminal of the oscillator circuit 13. Accordingly, once the 
oscillator circuit 13 operates to start boosting, the oscillator 
circuit 13 utilizes the voltage boosted by the booster circuit 

12 as the power supply. For this reason, once the output 
voltage of the thermoelectric conversion devices 71 exceeds 10 
the minimum driving voltage of the oscillator circuit 13, 
even if the voltage in a constant state falls below the 
minimum driving voltage of the oscillator circuit, the boost- 
ing operation can be continued. Also, in this system, the 
voltage of the capacitor 41 can be \ised as an oscillation 15 
starting voltage of the oscillator circuit 13. That is, the 
voltage is suppUed to a power terminal 22 of the oscillator 
circuit 13 via the control circuit 40 to start oscillation. Once 
the oscillator circuit 13 operates to start boosting, the 
boosted voltage becomes the power supply for the oscillator 20 
circuit 13 similar to the alx)ve-described operation. The 
control circuit 40 that receives the boosted vohage Vpp 
distributes power into the watch movement 75 and the 
capacitor 41 based upon a value of the boosted voltage Vpp. 

In the case where the boosted voltage Vpp is just equal to a 25 
voltage necessary for driving the watch movement 75, 
namely, 1.2 to 1.5 V, the control circuit 40 supplies the 
power boosted by the booster circuit 12 to the watch 
movement 75. If the boosted voltage Vpp is suflScient for 
driving the watch movement 75, namely, higher than 1,5 V, 30 
the control circuit 40 supplies the boosted power to both the 
watch movement 75 and the capacitor 41. In the case where 
the boosted voltage Vpp is such a voltage that cannot drive 
the watch movement 75, namely, lower than 1.2 V, the 
control circuit 40 supplies power from the capacitor 41 to the 35 
watch movement 75. By this operation, even if the boosted 
voltage drops and cannot drive the watch movement 75, 
operation can be performed by the power from the capacitor 
41. Hierefore, the watch movement 75 can continuously be 
driven. 40 

By employing the structure as described above, since the 
output voltage of the thermoelectric conversion devices 71 
is not required to be always kept at the minimum driving 
voltage of the oscillator circuit or higher, the thermoelectric 
conversion device 71 can be downsized. Downsizing of the 45 
thermoelectric conversion device 71 leads to broad applica- 
tion particularly to a portable watch apparatus. Also, once 
the output voltage of the thermoelectric conversion devices 
71 exceeds the minimum driving voltage of the oscillator 
circuit, the above-mentioned oscillator circuit 13 starts 50 
operating, boosts the voltage, and drives the oscillator circuit 

13 using the boosted power. Therefore, it is possible to 
continuously drive the watch movement 75 without the other 
power sources. Further, since the voltage not higher than the 
minimum driving voltage of the oscillator circuit, which 55 
cannot be boosted in the conventional electronic apparatus, 
can be boosted, there is obtained an effect that the power 
efficiency of the whole system can be improved. Also, when 

it is attempted to charge the capacitor 41 that is not charged, 
the output voltage of the thermoelectric conversion devices 60 
71 having a large internal resistance, in which devices are 
connected in series with one another, comes to drop so that 
a considerably long period of time is required for charging 
the capacitor 41. In the electronic apparatus 10 according to 
the present invention, however, the power after boosting 65 
operation is distributed to the capacitor 41 or the watch 
movement 75 according to a value of the voltage boosted by 



the booster circmt 12. Therefore, there is obtained such an 
effect that the power supplied by the thermoelectric conver- 
sion devices 71 can efficiently be consumed. 

Embodiment 7 

In the embodiment 7 according to the present invention, 
description will be made of a booster circuit 12 having a coil 
as shown in FIG. 10. So long as there is no particular 
description, the arrangement of an embodiment is described 
where a power supply has a GND terminal at the lower 
potential side and a Vdd terminal at the higher potential side, 
each circuit has a CMOS transistor made by a P-substrate 
N-well process and the P substrate is used as a GND 
terminal. Accordingly, the substrate is common to all 
N<hannel type MOS transistors and is connected with a 
GND terminal. And "high" means a signal of the voltage a 
level of a boosted voltage Vdd and "low" means a signal of 
the GND level. 

An electromotive force input terminal 103 for inputting a 
voltage of a generator or the power supply 11 is connected 
to one of electrodes of a boosting coil 100, and the other 
electrode of the boosting coil 100 is connected to the drain 
of an N-channel type MOS transistor 101 and to a P-type 
electrode of a Schottky diode 102. The source of the 
N-channel type MOS transistor 101 is connected to a GND 
terminal 118 which is an electrode at the lower potential side 
of the generator or the power supply 11. The gate of the 
N-channel type MOS transistor 101 is connected to a clock 
signal input terminal 105 that is connected to a clock signal 
output terminal of the oscillator circuit 13, and an N-type 
electrode of the Schottky diode 102 is connected to a 
boosted voltage output terminal 14. In the above-described 
structure, the output voltage of the generator or the power 
supply 11 is boosted using the clock signal from the oscil- 
lator circuit 13. In the case where the booster circuit 12 
according to the present invention is manufactured by the 
same process with that for the oscillator circuit 13, assuming 
that threshold voltages of the N- and P-channel type tran- 
sistors of the oscillator circuit 13 are 0.3 V, the threshold 
voltage of the N-channel type MOS transistor 101 in the 
booster circuit 12 is also 0.3 V. At this time, the minimum 
driving voltage of the oscillator circuit 13 is 0.7 V In the 
booster circuit 12 according to the present invention, 
however, since the transistor, the drain of which is connected 
to one of the electrodes of the coil, is an N-channel type 
transistor, boosting operation is possible even if the voltage 
of the electromotive force input terminal 103 is 0.1 V. In the 
case where the frequency of the output clock signal of the 
oscillator circuit 13 is 1 to 5 kHz and a duty thereof is 67%, 
the voltage of the electromotive force input terminal input 
terminal 103 which is 0.1 V is boosted to 1.5 V. 

FIG. 11 shows the oscillator circuit 13 that outputs a clock 
signal necessary for boosting the voltage of the coil. An 
output terminal of an inverter circuit 106 is connected to an 
input terminal of an inverter circuit 107 and a first electrode 
of a capacitor 114 and an input terminal of an inverter circuit 
110, and an output terminal of an inverter circuit 107 is 
connected to an input terminal of an inverter circuit 108 and 
a first electrode of a capacitor 115. An output terminal of the 
inverter circuit 108 is connected to the input terminals of the 
inverter circuit 106 and 109 and a first electrode of a 
capacitor 116. Two-input NAND circuit 111 connects an 
output terminal of the inverter circuit 109 to a first input 
terminal of the two-input NAND circuit 111, and an output 
terminal of the inverter circuit HO is connected to a second 
input terminal of the two-input NAND circuit 111. The 
output terminal of the two-input NAND circuit 111 is 
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connected to an input terminal of an inverter circuit 112, and 
an output terminal of the inverter circuit 112 is connected to 
an input terminal of an inverter circuit 113. An output 
terminal of the inverter circuit 113 is connected to a clock 
signal output terminal 119 for outputting a clock signal PI, 5 
and second electrodes of the capacitors 114, 115, and 116 are 
connected to the GND terminal 118 which is an electrode at 
the lower side of the generator or the power supply 11. In 
this case, the respective inverter circuits and a power supply 
of the two-input NAND circuit 111 is connected to a Vdd 10 
input terminal 117 of the oscillator circuit. The grounded 
terminals of the two-input NAND circuit 111 and the respec- 
tive inverter circuits are connected to the GND terminal 118. 
By the above-described structure, the clock signal for about 
67% of duty is obtained. Also, in the oscillator circuit 13 15 
according to the present invention, assuming that threshold 
voltages of N-channel type transistors and P-channel type 
transistors in the inverter circuits are, for example, 0.3V, 
respectively, the minimum diving voltage of the oscillator 13 
is 0.7 V. 20 

The above-described structure enable effectively boosting 
a low voltage of the electromotive force input terminal 103 
of the booster circuit 12. Particularly, this structure is more 
effective in the case where the voltage of the electromotive 
force input terminal 103 is lower than the threshold voltages 
of the MOS transistors. 

Embodiment 8 

FIG. 12 is a block diagram of a booster system of a 
thermoelectric conversion device according to an embodi- 
ment of the present invention. This system is composed of 
a thermoelectric conversion device 120, an oscillator circuit 
13, an intermittent pulse generator circuit 121, a voltage 
detecting circuit 122, a signal storage circuit 123, a booster 
circuit 12, a diode 20, and smoothing capacitors 124 and 
125. 

The thermoelectric device 120 is a device for generating 
electricity based upon the principle of Seebeck effect and is 
composed of a plurality of devices connected in series with ^ 
one another each of which is made, shown in FIG. 5, by 
connecting a P-type semiconductor and an N-type semicon- 
ductor with each other which are formed by introducing 
impurities into a material of Bi-Te system, wherein one 
electrode at the lower potential side is the GND terminal and 
is connected to the GND terminals of the oscillator circuit 
13, the intermittent pulse generator circuit 121, the voltage 
detecting circuit 122, the signal storage circuit 123 and the 
booster circuit 12. The other electrode of the thermoelectric 
conversion device 120 is used to take out an electromotive 
voltage Vp, and characteristics in 500 pairs of p-n junctions 
are such that its internal resistance is about 2 k Q and its 
electromotive voltage is about 0.4 V at a temperature dif- 
ference of 1® C. 
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The oscillator circuit 13 has a structure in which Vdd that 



55 



is connected to an output terminal of the thermoelectric 
conversion device 120 via the Schottky diode 20 is con- 
nected to a Vdd input terminal of the oscillator circuit 13 and 
an oscillating frequency is varied according to the electro- 
motive voltage Vp of the thermoelectric conversion device 
120. 

The intermittent pulse generator circuit 121 is a circuit 
which has its power terminal connected to Vdd and gener- 
ates an intermittent pulse signal P2 based on a clock signal 
PI outputted by the oscillator circuit 13. 55 

The voltage detecting circuit 122, which has its power 
terminal connected to Vdd and detects the Vp, outputs a 



detection signal P3 according to the Vp and intermittently 
operates based on an intermittent pulse signal P2 from the 
intermittent pulse generator circuit 121. 

The signal storage circuit 123 is a circuit which has its 
power terminal connected to Vdd, stores a detection signal 
P3 at the time of operation of the voltage detecting circuit 
122 until the next operation of the voltage detecting circuit 
122, and outputs the stored detection signal P3 to the booster 
circuit 12 as a storage signal P4. 

The booster circuit 12, which has its power terminal 
connected to Vdd and boosts the Vp to a boosted voltage 
Vdd higher than the Vp, generates the boosted voltage Vdd 
by turning on/off each MOS transistor according to a clock 
signal PI to charge/discharge a capacitor, and switches over 
its boosting factor according to a storage signal P4. 

The diode 20 is provided in order to use the electromotive 
voltage Vp of the thermoelectric conversion device 120 as a 
boosting power at the initial stage at which a boosted voltage 
is not stored to Vdd yet and in order to supply the Vp which 
is so high enough as to need no boosting operation to Vdd 
as it is, and in order to use boosted output voltage of boosted 
circuit 13 as a boosting power when electromotive voltage 
of the electronic conversion device 120 is low and is 
connected between the thermoelectric conversion device 
120 and the Vdd so that the direction from the thermoelectric 
conversion device 120 to the Vdd is its forward direction. 

Moreover, the smoothing capacitors 124 and 125 each of 
which has one side connected to GND terminal are provided 
on the output of the thermoelectric conversion device 120 
and the Vdd. 

Due to the above-mentioned arrangement the boosting 
factor of the booster circuit 13 can be switched over accord- 
ing to the electromotive voltage of the thermoelectric con- 
version device 120. Therefore, it is possible to efficiently 
boost the Vp to the boosted voltage Vdd, and to prevent the 
boosted voltage Vdd from becoming overvoltage caused by 
that the Vp has become too high. 

Furthermore, it is possible to keep low power consump- 
tion of the voltage detecting circuit 122 by making the 
voltage detecting circuit 122 operate intermittently. Namely, 
since its is possible to keep low power required for boosting 
voltage, the boosting efficiency is improved. 

As the diode 20, a Schottky diode which is small in 
voltage drop in its forward direction, or an MOS transistor 
which has a low (0.1 V) threshold voltage when diode - 
connected, or an MOS transistor which has a low (0.1 V) 
threshold voltage when diode-connected and whose gate and 
source or drain are P-typed or N-typed is recommended. 

Although the present invention has been described using 
a thermoelectric conversion device as an example, it is a 
matter of course that the invention can be applied also to 
boost an electromotive voltage of a device which generates 
power by means of another external energy, or to boost a 
voltage of a capacitor or a capacitor element of a secondary 
battery or the like. 

FIG. 13 is a circuit diagram of the booster circuit 13 
shown in FIGS. 1, 2, 3, 4 and 12. It is composed of a first 
booster circuit 130, a second booster circuit 131, a third 
booster circuit 132, a fourth booster circuit 133, two-input 
NAND circuits 138, 140 and 142, inverter circuits 139, 141 
and 143, P-channel type MOS transistors 152 and 153, 
smoothing capacitors 134, 135 and 136, and a diode 137. 

First, a state of connection of the respective components 
is described. 

An electromotive force input terminal 144 for inputting 
Vp which is the electromotive force of the thermoelectric 
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conversion device 120 is connected to an input terminal of In case that all of the first storage signal P41, the second 

the first booster circuit 130 and the electrode at the positive storage signal P42 and the third storage signal P43 are 

side of the diode 137. "low**, since no clock signal is inputted to all of the first to 

An output terminal of the first booster circuit is connected the fourth booster circuits, all the booster circuits do not 
to one electrode of the smoothing capacitor 134 the other s operate and perform no boosting operation. Although the 

electrode of which is connected to the GND terminal and an P-channel type MOS transistors 152 and 153 are on, a leak 

input terminal of the second booster circuit 131. current leaking through the both transistors from the boosted 

An output terminal of the second booster circuit 131 is ^^^^^S^ ^^^^^ terminal 150 is only a charging current from 

connected to one electrode of the smoothing capacitor 135 a capaatance component dangling about the drams of both 
the other electrode of which is connected to the GND 10 transistors. 

terminal, the electrode at the negative side of the diode 137, ^^^^ ^'^^ni^'^^^.^P'i.^f """"^uaI 

the drain terminal of the P-channel type MOS transistor 152, ^'^'^^^ signal P42 and the third storage signal P43 

and an input terminal of the third booster circuit 132. ^ } ' Ti'^n h''?. ^^S^^VL'T ""^i^i' T 

. . . booster circuit 130 and the second booster circuit 131, only 

An output termmal of the third booster circuit 132 is j^e first booster circuit 130 and the second booster circuit 
connected to one electrode of the smoothmg capacitor 136 15 operate and the P-channel type MOS transistor 152 is 

the other electrode of which is connected to the GND turned on, and therefore the electromotive voltage Vp of the 

terminal, the drain terminal of the P-channel type MOS thermoelectric conversion device 120 is first boosted by a 

transistor 153, and an input terminal of the fourth booster factor of about 2 by the first booster circuit 130 and further 

circuit 133. boosted by a factor of about 2 by the second booster circuit 

An output terminal of the fourth booster circuit 133 is 131, and supplied through the P-channel type MOS transis- 

connected to the source and N well of each of the P-channel tor 152 to the Vdd. Namely, since the boosting factor is 

type MOS transistors 152 and 153, and a boosted voltage about 4, the Vdd becomes about 4 times higher than Vp. 

output terminal 150 for outputting a boosted voltage Vdd. Although the P-channel type MOS transistor 153 is also on, 

A clock signal input terminal 145 for inputting a clock ^ ^^^fS through the transistor firom the boosted 

1 ni f zT.u 11 11 V 25 voltage output terminal 150 is only a chargmg current from 

signal PI from the oscillator circuit 13 is connected to one * j i- u * *u j • r *u 

. ^ • 1 r i_ .xTAKTi^ • . ^Ai\ a capacitance component dangbng about the drain of the 

mput temimal of each of two-mput NAND circuits 138, 140 transistor » & 

and 142 

Id case that the first storage signal P41 and the second 

A first detection signal mput terminal 146 for mputtmg a ^^^^^^^ ^-^^^^ u^^^^^. ^^^^ ^^^^^^^ ^^^^^ 

first storage signal P41 stonng a first detection signal which P43 ^^^^ ^ ^lock signal is inputted into the first 

is one of detection signals from the voltage detecting circuit booster circuit 130 and the second booster circuit 131, the 

122 is connected to the other input terminal, which is not booster circuit 130, the second booster circuit 131 and 

connected to the clock signal input terminal, of the two-input t^e third booster circuit 132 operate and the P-channel type 

NAND circuit 138. MoS transistor 152 is turned off and the P-channel type 

Asecond detection signal input terminal 147 for inputting mOS transistor 153 is turned on, and therefore the Vp is first 

a second storage signal P42 storing a second detection signal boosted by a factor of about 2 by the first booster circuit 130 

which is one of the detection signals from the voltage and then boosted by a factor of about 2 by the second booster 

delecting circuit 122 is connected to the other input terminal, circuit 131 and further boosted by a factor of about 2 by the 

which is not connected to the clock signal input terminal, of third booster circuit 132, and then supplied through the 
the two-input NAND circuit 140 and the gate terminal of the ^ P-channel type MOS transistor 153 to the booster voltage 

P-channel type MOS transistor 152. output terminal 150. Namely, since the boosting factor is 

A third detection signal input terminal 148 for inputting a about 8, the Vdd becomes about 8 times higher than Vp. 
third storage signal P43 storing a third detection signal In case that the first storage signal P41, the second storage 

which is one of the detection signals from the voltage signal P42 and the third storage signal P43 are all "high", 

detecting circuit 122 is connected to the other input terminal, since the clock signal is inputted into all of the firet to the 

which is not connected to the clock signal input terminal, of fourth booster circuits, the P-channel type MOS transistors 

the two-input NAND circuit 142 and the gate terminal of the 152 and 153 are turned off and all of the first to furth booster 

P-channel type MOS transistor 153. circuits operate, and therefore the Vp is first boosted by a 

An output terminal of the two-input NAND circuit 138 is factor of about 2 by the first booster circuit 130, and then 

connected to an input terminal of an inverter circuit 139 and boosted by a factor of about 2 by the second booster circuit 

respective second clock signal input terminals of the first 131 and flirther boosted by a factor of about 2 by the third 

booster circuit 130 and the second booster circuit 131. booster circuit 132, and still further boosted by a factor of 

An output terminal of the inverter circuit 139 is connected about 2 by the fourth booster circuit 133, and then outputted 

to the respective first clock signal input terminals of the first fi-om the boosted voltage output terminal 150. Namely, since 
booster circuit 130 and the second booster circuit 131. 55 the boosting factor is about 16, the Vdd becomes about 16 

An output terminal of the inverter circuit 141 is connected times higher ±an Vp. 
to the first clock signal input terminal of the third booster As described a diode 137 in detail later, the first booster 

circuit 132, and an output terminal of the inverter circuit 143 circuit 130 and the second booster circuit 131 are charac- 

is connected to the first clock signal input terminal of the terized by being small in their boosting ability in case that 
fourth booster circuit 133. 60 the Vdd is low in voltage, and so the diode 137 is provided 

The respective power terminals of the two-input NAND in order to improve the boosting speed at the initial stage 

circuits 138, 140, and 142, and the inverter circuits 139, 141, where the Vdd voltage is low by using the third booster 

and 143 are connected to the Vdd input terminal 151 having circuit 132 and the fourth booster circuit 133 without using 

the boosted voltage Vdd to be inputted, and the respective the first booster circuit 130 and the second booster circuit 
GND terminals of them are connected to a GND terminal 65 131. 

149 connected to the low voltage side electrode of the Namely, by adopting the above-mentioned arrangement, 

thermoelectric conversion device. it is possible to realize a booster circuit capable of varying 
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its boosting factor according to the output signals P41, P42, 
and P43 of the signal storage circuit 123 storing detection 
signals of the voltage detecting circuit 122 as described 
above, 

FIG. 14 is a circuit diagram of the first booster circuit 130 
shown in FIG. 13 according to the present invention. 

First, its connection is described. An input terminal 160 to 
which an electromotive voltage Vp of the thermoelectric 
conversion device 120 is inputted is connected to the drain 
of an N-channel type MOS transistor 164 and the source of 
an N-channel type MOS transistor 165, a first clock signal 
input terminal 162 is connected to the gates of the N-channel 
type MOS transistor 165 and an N-channel type MOS 
transistor 166, a second clock signal input terminal 163 is 
connected to the gates of the N-channel type MOS transistor 
164 and an N-channel type MOS transistor 167, the source 
of the N-channel type MOS transistor 164 is connected to 
the drain of the N-cbannel type MOS transistor 166 and a 
second electrode of a capacitor 168, a first electrode of the 
capacitor 168 is connected to the drain of the N-channel type 
MOS transistor 165 and the source of the N-channel type 
MOS transistor 167, an output terminal 161 for outputting a 
boosted voltage is connected to the drain of the N-channel 
type MOS transistor 167, and a GND input terminal 169 is 
connected to the source of the N-channel type MOS tran- 
sistor 166. 

Next, the principal of operation is described. First, when 
a first clock signal inputted from the first clock signal input 
terminal 162 is "high", a second clock signal inputted from 
the second clock signal input terminal 163 is "low"* and the 
N-channel type MOS transistors 165 and 166 are turned on 
and the N-channel type MOS transistors 164 and 167 are 
turned off, and therefore since the first electrode of the 
capacitor 168 is supplied with a voltage supplied to the input 
terminal 160 through the N-channel type MOS transistor 
165, the voltage of the first electrode rises to a certain 
voltage Va, and since the second electrode of the capacitor 
is supplied with a voltage of GND through the N-channel 
type MOS transistor 166, it becomes "low". 

Next, when the first clock signal inputted from the first 
clock signal input terminal 162 is "low**, the second clock 
signal inputted from the second clock signal input terminal 
163 is "high" and the N-channel type MOS transistors 165 
and 166 are turned off and the N-channel type MOS tran- 
sistors 164 and 167 are turned on, and therefore since the 
second electrode of the capacitor 168 is supplied with a 
voltage supplied to the input terminal 160 through the 
N-channel type MOS transistor 164, the second electrode 
rises to a certain voltage Vb. Accordingly, the first electrode 
of the capacitor rises to a voltage obtained by adding the Va 
and the Vb to each other and since the voltage is supplied to 
the output terminal 161 through the N-channel type MOS 
transistor 167, the voltage of the output terminal 161 rises to 
a certain vohage Vc. 

In this case, the values of Va, Vb and Vc are related to the 
maximum voltage value which can be supplied between the 
source and the drain when an N-channel type MOS transis- 
tor is turned on, and any low voltage can be supplied by the 
N-channel type MOS transistors so long as it is not higher 
than the maximum voltage value, but any high vohage can 
be supplied only up to the maximum voltage value, however 
high the voltage is, if it is higher than the maximum voltage 
value. 

Namely, when a voltage supplied firom the input terminal 
160 is not higher than the maximum voltage value of the 
N-channel type MOS transistor 165, Va becomes the same 
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voltage as the voltage supplied from the input terminal 160, 
but when the voltage supplied from the input terminal 160 
is higher than the maximum voltage value of the N-channel 
type MOS transistor 165, Va becomes the maximum voltage 

5 value of the N-channel type MOS transistor 165; and when 
a vohage supplied from the input terminal 160 is not higher 
than the maximum voltage value of the N-channel type 
MOS transistor 164, Vb becomes the same voltage as the 
voltage supplied from the input terminal 160, but when the 

10 voltage supplied from the input terminal 160 is higher than 
the maximum voltage value of the N-channel type MOS 
transistor 164, Vb becomes the maximum voltage value of 
the N-channel type MOS transistor 164; and when a value 
obtained by adding Va and Vb to each other which are 

15 generated at the first electrode of the capacitor 168 is not 
higher than the maximum voltage value of the N-channel 
type MOS transistor 167, Vc becomes the same voltage 
value as the value obtained by adding Va and Vb to each 
other, but when the thus obtained value is higher than the 

20 maximum voltage value of the N-channel type MOS tran- 
sistor 167, Vc becomes the maximum voltage value of the 
N-channel type MOS transistor 167. The maximum voltage 
value of each of the above-mentioned N-channel type MOS 
transistors is, when each of the N-channel type MOS tran- 

25 sistors is tumed on, a voltage of "high" of a clock signal 
inputted to the gate of each of the N-channel type MOS 
transistors, namely, a value obtained by subtracting the 
threshold voltage from the voltage applied to each 
N-channel type MOS transistor. 

30 Namely, the first booster circuit 130 has a feature that in 
case that a voltage to be boosted is low and each N-channel 
type MOS transistor can do with supplying only a voltage 
not higher than the maximum voltage of the N-channel type 
MOS transistor, it can efiBciently boost the voltage and 

35 further can boost the voltage however low it is, and has a 
feature that in case that a voltage to be boosted is high or in 
case that the Vdd is low and any one of the respective 
N-channel type MOS transistors must supply a high voltage 
than the maximum voltage value of the N-channel type 

^0 MOS transistor, its boosting efficiency becomes low and 
moreover in case that a voltage to be boosted is further 
higher or in case that the Vdd becomes further lower, 
conversely the voltage to be boosted may come to drop. 

Accordingly, each of the above-mentioned N-channel 
type MOS transistors of the first booster circuit 130 is 
formed so as to suppress a leak current even when its 
threshold voltage is lowered by having an N-type gate, and 
can boost a voltage from a higher voltage even if Vdd is low 
by keeping its threshold voltage as low as possible (0.2 V or 

^° so). 

Although the first booster circuit 130 turns on an MOS 
transistor being off at the same time when an MOS transistor 
being on in the first booster circuit 130 is tumed off, it is 
possible to prevent a passing-through current and improve 
the boosting efficiency of the first booster circuit 130 by 
turning on the MOS transistor being off after turning off the 
MOS transistor being on. 

FIG. 15 is a circuit diagram of the second booster circuit 
60 131 shown in FIG. 13, according to the present invention. 

The respective components are connected as follows. An 
input terminal 170 of the second booster circuit 131 which 
is connected to an output terminal 161 of the first booster 
circuit 130 is connected to the drain of an N-channel type 
65 MOS transistor 174 and the source of an N-channel type 
MOS transistor 175, a first clock signal input terminal 172 
is connected to the gates of the N-channel type MOS 



6,122,185 

33 34 

transistor 175, 176, and 177, a second clock signal input subtracting the threshold voltage from a "low" voltage of the 

terminal 173 is connected to the gate of the N-channel type gate of the P-channel type MOS transistor 177, namely, the 

MOS transistor 174, the source of the N-channel type MOS absolute value of the threshold voltage due to subtracting the 

transistor 174 is connected to the drain of the N-channel type threshold voltage value from the GND voltage. 

MOS transistor 176 and a second electrode of a capacitor 5 ^^^^^ ^^^^^^ ^^^^^ ^ ^^^^^^ 

178, a fi^t electrode of the capacUor 178 is connected to the ^ ^ ^ ^^^^^ ^ 

dram of the N-channel type MOS transistor 175 and the ♦ u u ♦ ^ • *u- u ♦u *u u c.t 

drain of the P^hannel typ^MOS transistor 177, an output ^ ^^f ^ Tr.^'^ ^nT^'T^^ 

terminal 171 for outputting a boosted volUge is connected to N-f h^n^l type MOS tra^istors 174 and 175 and a boosted 

the source grounded on the substrate of the P-chamiel type ^^^^^gf generated at the first electrode of the capacitor 178 

MOS transistor 177, and a GND terminal 179 is connected ^ °ot lower than the mmimum voltage of the P-channel type 

to the source of the N-channel type MOS transistor 176. MOS transistor 177, but has also a feature that its boosting 

Next, the principle of operation thereof wiU be described. efficiency is deteriorated or a voltage to be boosted drops in 

First, when a first clock signal inputted from the first clock case that the voltage to be boosted is higher or m case that 

signal input terminal 172 is "high", a second clock signal Vdd is lower and a voltage to be boosted exceeds the 

inputted from the second clock signal input terminal 173 is maximum voltage of either one of the N-channel type MOS 

"low" and the N-channel type MOS transistors 175 and 176 transistors 174 and 175, and no voltage is outputted to the 

are turned on and the N-channel type MOS transistor 174 output terminal 171 in case that the boosted voltage is lower 

and the P-channel type MOS transistor 177 are turned ofiE, than the minimum voltage of the P-channel type MOS 

and therefore since the first electrode of the capacitor 178 is transistor 177. 

suppUed with a voltage suppHed to the input terminal 170 20 Accordingly, with regard to the respective MOS transis- 

through the N-channel type MOS transistor 175 the voltage ^^^^ ^^e second booster circuit 131, an N-channel type 

of the first electrode ri^ to a certain voltage Val and smce ^^^^^^^ ^ ^^^^^ ^^^^^^^ ^ 

the second ekc^rode of the capaator 178 is supplied with a transistor has a P-type gate formed 

voltage of GND through the N-channel type MOS transistor . ^ , , / i_ .1. 

176, it becomes 'W'. Next, when the first clock signal 25 '^^'T f ^^^.^^PP^^^ f c™ ^hf° 
inputted from the first clock signal input terminal 172 is ^^^^^^e value of its threshold voltage is lowered and it has 
"loV*, the second clock signal inputted from the second ^^^^ possible to boost a voltage from a higher voltage even 
clock signal input terminal 173 is "high" and the N-channel ^ ^oos^ * voltage from a lower voltage, 
type MOS transistor 175 and 176 are turned oE and the by keeping the absolute value of its threshold voltage as low 
N-channel type MOS transistor 174 and the P-channel type 30 Possible (0.2 V or so). 

MOS transistor 177 are turned on, and therefore since the Although the second booster circuit 131 turns on an MOS 

second electrode of the capacitor 178 is supplied with a transistor being off at the same time when an MOS transistor 

voltage supplied to the input terminal 170 through the being on in the second booster circuit 131 is turned off, it is 

N-channel type MOS transistor 174, the voltage of the possible to prevent a passing-through current and improve 

second electrode rises to a certain voltage Vbl. Accordingly, 35 the boosting efficiency of the second booster circuit by 

the first voltage of the first electrode of the capacitor 178 turning on the MOS transistor being off after turning off the 

rises to a voltage obtained by adding the Val and the Vbl to MOS transistor being on. 

each other and since the voltage is supplied to the output FIG. 16 is a circuit diagram of the third and fourth booster 

terminal 171 through the P-channel type MOS transistor circuits. The respective components are connected as fol- 

177, the voltage of the output terminal 171 rises to a certain 4Q lows. An input terminal 180 of the third and the fourth 
vohage Vcl. booster circuits 132 and 133 which is connected to an output 

Herein, in the case where a voltage of the first electrode terminal 171 of the second booster circuit 131 or an output 

of the capacitor 178 is lower than the minimum voltage terminal 181 of the third booster circuit 132 is connected to 

which can be supplied between the source and the drain, the the source grounded on the substrate of an P-channel type 

P-channel type MOS transistor 177 has two operational 45 MOS transistor 184 and the drain of an P-channel type MOS 

modes. When the voltage of the first electrode of the transistor 185, a first clock signal input terminal 182 is 

capacitor 178 is lower than 0.6 V at which the current is fed connected to the gates of the P-channel type MOS transistors 

in the forward direction from the drain of the P-channel type 184, 187, and N-channel type MOS transistor 186, a second 

MOS transistor to the substrate, the voltage cannot be clock signal input terminal 183 is connected to the gate of 

supplied to the output terminal 171. However, when the 50 the P-channel type MOS transistor 185, the drain of the 

voltage of the first electrode of the capacitor 178 is 0.6 V or P-channel type MOS transistor 184 is connected to the drain 

higher and is lower than the minimum voltage that can be of the N-channel type MOS transistor 186 and a second 

supplied between the source and the drain, a voltage electrode of a capacitor 188, a first electrode of the capacitor 

obtained by subtracting 0.6 V from the voltage of the first 188 is connected to the source grounded on the substrate of 

electrode of the capacitor 77 is supplied to the output 55 the P-channel type MOS transistor 185 and the drain of the 

terminal 171. On the other hand, when the voltage of the first P-channel type MOS transistor 187, an output terminal 181 

electrode of the capacitor 178 is higher than the minimum for outputting a boosted voltage is connected to the source 

voltage that can be supplied between the source and the grounded on the substrate of the P-channel type MOS 

drain of the P-channel type MOS transistor 177, however transistor 187, and a GND terminal 189 is connected to the 

high the voltage of the first electrode of the capacitor 178 is, go source of the N-channel type MOS transistor 186. 

the voltage can be supplied to the output terminal 171. Next, the principle of operation thereof will be described. 

Furthermore, a gate voltage of a transistor minus a thresh- First, when a first clock signal inputted from the first clock 

old voltage of the transistor is a minimum voltage. In the signal input terminal 182 is "high", a second clock signal 

minimum voltage, cuirrent can flow between source and inputted from the second clock signal input terminal 183 is 

drain of P-channel type MOS transistor. 65 "low*' and the N-channel type MOS transistor 186 and the 

Accordingly the minimum voltage of the P-channel type P-channel type MOS transistor 185 are turned on and the 

MOS transistor 177 of FIG. 15 is a value obtained by P-channel type MOS transistors 184 and 187 are turned off. 
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Accordingly, since the first electrode of the capacitor 188 is The booster circuit 12 of this embodiment shown in FIG. 

supplied with a voltage supplied to the input terminal 180 13 has a feature that it is possible to boost a voltage in case 

through the P-channel type MOS transistor 185, the voltage that Vdd is not lower than 0.3 V and the Vp inputted from 

of the first electrode rises to a certain voltage Va2. Since the the electromotive force input terminal 144 is not lower than 

second electrode of the capacitor 188 is supplied with a 5 o.05 V by composing the first to the fourth booster circuits 

voltage of GND through the N-channel type MOS transistor so that the second booster circuit 131 boosts a voltage 

186, it becomes "loV\ Next, when the first clock signal boosted by the first booster circuit 130, the third booster 

inputted from the first clock signal mput terminal 182 is ^-^^^^^ boosts a voltage boosted by the second booster 

"low*, the second clock si^al inputted from the second ^^^^^^ ^^^^^ ^^^^^^ ^^^^-^ ^33 ^^^^^ ^ 

clock signal input termmal 183 IS high and the N-channel ^^^^^^^ ^ ^^^^ ^^^^^^ ^^^-^ ^32^ 

type MOS transistor 186 and the P-channel type MOS ^^^^ ^^^^^^ ^^^^^ ^^^^^ ^ ^^l^^g^ ^ 

transistor 185 are turned off and the P-channel type MOS ^^^^^ ^^^^^ ^^^^ ^^^^^^ ^^^-^ 132 ^nd the 

transistors 184 and 187 are turned on and therefore since the ^^^^^^^ ^^^^-^ ^^^^ ^ ^^^^g^ ^ ^^^^g^ 

second electrode of the capacitor 188 is supplied with a ^^^^^ ^^^^^^ j, ^^^^ booster circuit 13L 

voltage supplied to the input termmal 180 through the ^ ^. ^ ^. ^ 

P<himnel type MOS transistor 184, the voltage of the .^^ embodiment has reabzed a thermoelectric conver- 

secondelectroderisestoacertainvoUage Vb2.Accordingly, ''^^'^ booster system which can efficiently boost the 

.u- ,^u^ f tu* «f ro««r.,w ififi «-oo«r electromotive voltage Vp of a thermoelectric conversion 

the voltage of the first electrode of the capacitor 150 rises to .t. l ..i. i. r x, 

a voltage obtained by adding the Va2 and the Vb2 to each ^^I'l^^, «lf f"'" 

other a^d since the voltage is suppUed to the output terminal ''«°g ^J' (O-^,^). by boostmg the electromotive voltage Vp 

181 through the PK^hannel type MOS transistor 187, the '° of the thennoelcrtricamversion device 120 by means of the 

voltage of the output terminal 181 rises to a certain voltage ^' ^ ^^^"^ ^ 

Vc2. Although the booster circuit of this embodiment shown in 

In case that a voltage is supplied to the first electrode of ^ designed so that the electromotive voltage of the 

the capacitor 188 from the input terminal 180 when the „ thermoelectric conversion device 120 havmg the perfor- 

P-channel type MOS transistor 185 is turned on, no voltage °^a°ce is boosted up to a voltage capable of driving such an 

can be supplied to the capacitor 188 in case that the voltage 1^ operating at about 1.5 V as used in a watch or the like, 

of the input terminal 180 is lower than the minimum voltage a matter of course that it is enough to perform such a 

which can be supplied by the P-channel type MOS transistor ^^^ign change that the booster circuit is additionally pro- 

185 and is lower than 0.6 V at which the forward direction 3. vi^^^ ^^^^ ^ plurality of the first or the third booster circuits 

from the P-type drain of the transistor to the substrate is 1^^' which are connected in series with one another, or 

turned on, and only a voltage obtained by subtracting 0.6 V ^ plurality of the first booster circuits 130 connected in series 

from the voltage of the input terminal 180 can be supplied followed by a plurality of the third booster circuits 132 

to the capacitor 188 in case that the input terminal 180 connected in series, or only a plurality of the third booster 

voltage is not lower than 0.6 V, but in case that the input 35 circuits 132 connected in senes, in such case that a voltage 

terminal 180 voltage is not lower than the minimum voltage, boosted is different as a case of boostmg the electro- 

the input terminal 180 voltage can be supplied to the "0^^^ ^ol^S^ ^ thermoelectric conversion device dif- 

capacitor 188 as it is, and in that in case that a voltage is ^^ent in performance or another power generating device or 

supplied to the second electrode of the capacitor 188 from ^ boostmg a voltage of such a capaator element as 

the input terminal 180 when the P-channel type MOS 4. ^ ^^P^^^^°^ ^ secondary battery, or in such case that a 

transistor 184 is turned on, no voltage can be supplied to the necessary voltage to be boosted is different as a case that a 

capacitor 188 in case that the voltage of the input terminal ^^^^^8^ necessary for an IC to be driven is different. 

180 is lower than the minimum voltage which can be Embodiment 9 
supplied by the P-channel type MOS transistor 184, but in 

case that the voltage of the input terminal 180 is not lower 45 FIG. 17 is a circuit diagram of a booster circuit 12 of an 

than the minimum voltage ofthe transistor, the voltage of the embodiment according to the present invention in which 

input terminal 180 can be supplied to the capacitor as it is. another arrangement different from the booster circuit 

Namely, the third and fourth booster circuits have a shown in RG. 13 is adopted. It is composed of a total of 15 

feature that they cannot boost a voltage lower than the booster circuits of the first booster circuit 190 to the fifteenth 

minimum voltage which can be supplied by the respective 50 ^^^ter circuit 195, two-input NAND circuits 206, 208 and 

P-channel type MOS transistors but they can boost a voltage 210, inverter circuits 205, 207 and 209, and a P-channel type 

from a high voltage if it is not lower than the minimum ^OS transistor 211. 

voltage. First, a state of connection of the components is 

Accordingly, with regard to the respective P-channel type described. 
MOS transistors of the third booster circuit 132, each of 55 An electromotive force input terminal 198 for inputting 

which has a P-type gate formed therein so as to suppress a Vp which is the electromotive voltage of a thermoelectric 

leak current even when the absolute value of its threshold conversion device is connected to a first input terminal ofthe 

voltage is lowered, and can boost a voltage from a lower first booster circuit 190 and a second input terminal of the 

voltage (0.2 V) by keeping the absolute value of its threshold first booster circuit 190 to the fifteenth booster circuit 195. 

voltage as low as possible (0.2 V or so). 60 Each of output terminals of the respective booster circuits 

Although each of the third and the fourth booster circuits except the fifteenth booster circuit 195 is connected to the 
turns on an MOS transistor being off at the same time when first input terminal of the booster circuit next thereto, and an 
an MOS transistor being on in the booster circuit is turned output terminal of the fifteenth booster circuit 195 is coo- 
off, it is possible to prevent a passing-through oirrent and nected to the drain of the P-cbannel type MOS transistor 
improve the boosting efficiency of the booster circuit by 65 211, and the soiu-ce and substrates of the P-channel type 
turning on the MOS transistor being off after turning the MOS transistor 211 are connected to a boosted voltage 
MOS transistor being on. output terminal 199 for outputting the boosted voltage Vdd. 
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A clock signal input terminal 200 for inputting a clock 
signal PI from an oscillator circuit 13 is connected to one 
input terminal of each of the two-input NAND circuits 206, 
208 and 210. 

A first detection signal input terminal 201 for inputting a 
first storage signal P41 storing a first detection signal which 
is one of detection signals from a voltage detecting circuit 
122 is connected to the other input terminal of the two-input 
NAND 210, which is not connected to the clock signal input 
terminal 200. 

A second detection signal input terminal 202 for inputting 
a second storage signal P42 storing a second detection signal 
which is one of the detection signals from the voltage 
delecting circuit 122 is connected to the other input terminal 
of the two-input NAND 208, which is not connected to the 
clock signal input terminal 200. 

A third detection signal input terminal 203 for inputting a 
third storage signal P43 storing a third detection signal 
which is one of the detection signals from the voUage 
detecting circuit 122 is connected to the other input terminal 
of the two-input NAND 206, which is not connected to the 
clock signal input terminal 200. 

The output terminal of the two-input NAND circuit 206 is 
connected to the input terminal of the inverter circuit 205 
and the second clock signal input terminals of the first 
booster circuit 190 to the eighth booster circuit 191. 

The output terminal of the inverter circuit 205 is con- 
nected to the first clock signal input terminal of each of the 
first booster circuit 190 to the eighth booster circuit 191. 

The output terminal of the two-input NAND circuit 208 is 
connected to the input terminal of the inverter circuit 207 
and the second clock signal input terminals of the ninth 
booster circuit 192 to the twelfth booster circuit 193. 

The output terminal of the inverter circuit 207 is con- 
nected to the first clock signal input terminal of each of the 
ninth booster circuit 192 to the twelfth booster circuit 193. 

The output tenninal of the two-input NAND circuit 210 is 
connected to the input terminal of the inverter circuit 209, 
the second clock signal input terminal of each of the 
thirteenth booster circuit 194 to the fifteenth booster circuit 
195, and the gate of the P-channel type MOS transistor 211. 

The output tenninal of the inverter circuit 209 is con- 
nected to the first clock signal input terminals of the thir- 
teenth booster circuit 194 to the fifteenth booster circuit 195. 

The respective power terminals of the two-input NAND 
circuits 206, 208 and 210, and the inverter circuits 205, 207 
and 209 are connected to a Vdd input terminal 197 to which 
a boosted voltage Vdd is inputted, and the respective GND 
terminals thereof are connected to a GND potential input 
terminal 204 connected to an electrode at the lower voltage 
side of the thermoelectric conversion device 120. 

Next, its operation is described. 

In case that all of the first storage signal P41, the second 
storage signal P42 and the third storage signal P43 are 
''low", since no clock signal is inputted to any of the first to 
the fifteenth booster circuits, any booster circuit does not 
operate and performs no boosting operation. 

In case that the first storage signal P41 is "high" and the 
second storage signal P42 and the third storage signal P43 
are "low", since a clock signal is inputted only to the booster 
circuits from the thirteenth booster circuit 194 to the fif- 
teenth booster circuit 195, the booster circuits from the 
thirteenth booster circuit 194 to the fifteenth booster circuit 
195 operate. Namely, the three booster circuits operate and 
each one of them boosts a voltage by Vp, a boosted voltage 
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of 4xVp obtained by adding 3xVp to the electromotive 
voltage Vp of the thermoelectric conversion device 120 is 
outputted from the output terminal of the fifteenth booster 
circuit 195. 

5 In case that the first storage signal P41 and the second 
storage signal P42 are "high" and the third storage signal 
P43 is "low", since a clock signal is inputted only to the 
booster circuits from the ninth booster circuit 192 to the 
fifteenth booster circuit 195, the booster circuits from the 

10 ninth booster circuit 192 to the fifteenth booster circuit 195 
operate. Namely, since the seven booster circuits operate, a 
boosted voltage of SxVp obtained by adding 7xVp to the 
electromotive voltage Vp of the thermoelectric conversion 
device 120 is outputted from the output terminal of the 

15 fifteenth booster circuit 195. 

In case that all of the first storage signal P41, the second 
storage signal P42 and the third storage signal P43 are 
"high", since a clock signal is inputted to all the first to the 
fifteenth booster circuits, all the booster circuits operate. 

2° Namely, the fifteen booster circuits operate, a boosted volt- 
age of 16xVp obtained by adding 15xVp to the electromo- 
tive voltage Vp of the thermoelectric conversion device 120 
is outputted from the output tenninal of the fifteenth booster 
circuit 195. 

Although a boosted vohage is outputted from the output 
terminal of the fifteenth booster circuit 195, the boosted 
voltage does not continue being always outputted, but is 
outputted only when the clock signal PI is "high", and the 
electromotive voltage Vp of the thermoelectric conversion 
device 120 is outputted as it is from the output terminal 
when the clock signal is "low". Namely, in case of connect- 
ing the output terminal to the boosted voltage output termi- 
nal 199 as it is, when the clock signal PI is "low** a boosted 
voltage which has been outputted with much effort results in 
dropping to the electromotive vohage Vp of the thermoelec- 
tric conversion device 120. Therefore, the above-mentioned 
problem has been solved by providing a P-channel type 
MOS transistor 211 and turning on the transistor when the 
clock signal PI is "high" and turning it off when the clock 
signal PI is "low". 

As described above, by adopting an arrangement as 
shown in FIG. 17, a booster circuit 12 capable of varying its 
boosting factor according to a storage signal outputted by a 
signal storage circuit 123 storing a detection signal of a 
voltage detecting circuit 122 can be realized by another 
arrangement different from the booster circuit shown in FIG. 
13. 

FIG. 18 is a circuit diagram of the first to the third booster 
5Q circuits shown in FIG. 17 in the present invention. 
First, its connection state is described. 
A first input terminal 222 is connected to the drain of an 
N-channel type MOS transistor 227, a second input terminal 
221 is connected to the source of an N-channel type MOS 
55 transistor 228, a first clock signal input terminal 224 is 
connected to the gate of the N-channel type MOS transistor 
227, a second clock signal input terminal 225 is connected 
to the gates of the N-channel type MOS transistors 228 and 
229, the source of the N-channel type MOS transistor 227 is 
60 connected to the drain of the N-channel type MOS transistor 
229 and a second electrode of a capacitor 210, a first 
electrode of the capacitor 210 is connected to the drain of the 
N-channel type MOS transistor 228 and an output terminal 
223 for outpuiting a boosted voltage, and a GND input 
65 terminal 226 is connected to the source of the N-channel 
type MOS transistor 229. 
Next, its operation is described. 
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First, when a first clock signal inputted from the first clock 
signal input terminal 224 is "low'', a second clock signal 
inputted from the second clock signal input terminal 225 
becomes "high" and then the N-channel type MOS transis- 
tors 228 and 229 are turned on and the N-channel type MOS 
transistor 227 is turned off, and therefore the voltage of the 
first electrode of the capacitor 210 is raised to a certain 
voltage Va by being supplied with the electromotive voltage 
Vp of the thermoelectric conversion device 120 supplied to 
the second input terminal 221 through the N-channel type 
MOS transistor 228, and the second electrode of the capaci- 
tor is made "low" by being supplied with a voltage of GND 
through the N-channel type MOS transistor 227. 

Next, when the first clock signal inputted from the first 
clock signal input terminal 224 is "high", the second clock 
signal inputted from the second clock signal input terminal 
225 becomes "low" and the N-channel type MOS transistors 
228 and 229 are turned off and the N-channel type MOS 
transistor 227 is turned on, and so that the voltage of the 
second electrode of the capacitor 210 is raised to a certain 
voltage Vb by being supplied with a voltage supplied to the 
first input terminal 222 through the N-channel type MOS 
transistor 227. Accordingly, the voltage of the first electrode 
of the capacitor 210 is raised to a voltage obtained by adding 
the Va and the Vb to each other and outputs the voltage from 
the output terminal 223. 

In this case, the values of Va and Vb are related to the 
maximum voltage value which can be supplied when an 
N-channel type MOS transistor is turned on, and the 
N-channel type MOS transistor can supply any voltage 
lower than the maximum voltage value however low it is, 
but it can supply any voltage only up to the maximum 
voltage value however high it is, if it is higher than the 
maximum voltage value. 

Namely, when a voltage supplied from the second input 
terminal 221 is not higher than the maximum voltage value 
of the N-channel type MOS transistor 228, Va becomes the 
same voltage as the voltage supplied from the second input 
terminal 221, but when a voltage supplied from the second 
input terminal 221 is higher than the maximum voltage 
value of the N-channel type MOS transistor 228, Va 
becomes the maximum voltage value of the N-channel type 
MOS transistor 228; and when a voltage supplied from the 
first input terminal 222 is not higher than the maximum 
voltage value of the N-channel type MOS transistor 227, Vb 
becomes the same voltage as the voltage supplied from the 
first input terminal 222, but when the voltage supplied from 
the first input terminal 222 is higher than the maximum 
voltage value of the N-channel type MOS transistor 227, Vb 
becomes the maximum voltage value of the N-channel type 
MOS transistor 227. 

The maximum voltage value of each of the above- 
mentioned respective N-channel type MOS transistors is a 
voltage of "high" of a clock signal inputted to the gate of 
each of the respective N-channel type MOS transistors when 
the N-channel type MOS transistor is on, namely, a value 
obtained by subtracting the threshold voltage of each 
N-channel type MOS transistor from Vdd. 

Namely, the booster circuit shown in FIG. 18 has a feature 
that in case that a voltage to be boosted is low and each 
N-channel type MOS transistor can do with supplying only 
a voltage not higher than the maximimi voltage of the 
N-channel type MOS transistor, it can efficiently boost a 
voltage and further can boost any low voltage however low 
it is, but has a feature that in case that a voltage to be boosted 
is high or in case that the Vdd is low and any one of the 
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respective N-channel type MOS transistors of the booster 
circuit must supply a higher voltage than the maximum 
voltage value of the N-channel type MOS transistor, its 
boosting efficiency becomes low. Further, in case that a 
s voltage to be boosted is further higher or in case that the Vdd 
becomes further lower, conversely the boosted voltage may 
come to drop. 

Accordingly, each of the above-mentioned N-channel 
type MOS transistors of the booster circuit shown in FIG. 18 
10 has an N-type gate formed therein so as to suppress a leak 
current even when its threshold voltage is lowered, and can 
boost a voltage from a higher voltage even if Vdd is low, by 
keeping its threshold voltage as low as possible (0.2 V or so). 

Although the booster circuit shown in FIG. 18 turns on an 
MOS transistor being off at the same time when an MOS 
transistor being on in the booster circuit is nimed off, it is 
possible to prevent a passing-through current and improve 
the boosting efficiency of the booster circuit by tiu'ning on 
the MOS transistor being off after the MOS transistor being 
on has been turned off. 

FIG. 19 is a circuit diagram of the foimh to fifteenth 
booster circuits shown in FIG. 17. Its arrangement is nearly 
the same as the booster circuit shown in FIG. 18, but is 
2^ different from the booster circuit shown in FIG. 18 only in 
that the N-channel type MOS transistor 227 in the booster 
circuit of FIG. 18 is replaced with a P-channel type MOS 
transistor 247 in which the source and substrate are con- 
nected to a first input terminal 242, the drain is connected to 
a second electrode of the capacitor 250, and the gate is 
connected to a second clock signal input terminal 245. 

Its operation is also nearly the same as the booster circuit 
shown in FIG. 18, but is different from that of the booster 
circuit in FIG. 18 in a relation between a voltage of the first 
35 input terminal 242 and a voltage Vb when the P-channel 
type MOS transistor 247 is turned on and the voltage Vb 
inputted to the first input terminal 242 is supplied to the 
second electrode of the capacitor 250 through the P-channel 
type MOS transistor 247, namely, in that no voltage can be 
supplied to the second electrode in case that the voltage of 
the first input terminal 242 is lower than the minimum 
voltage which can be supplied by the P-channel type MOS 
transistor 247, but the voltage of the first input terminal 242 
can be supplied as it is in case that the voltage is not lower 
45 than the minimum voltage of the transistor. 

The minimum voltage which the P-channel type MOS 
transistor 247 can supply is the minimum voltage which the 
P-channel type MOS transistor can supply through a channel 
from the drain of the transistor to the source or from the 
50 source to the drain, and is a value obtained by subtracting the 
threshold voltage of the transistor from a gate voltage of the 
transistor, and accordingly the minimum voltage of the 
P-channel type MOS transistor 247 is a value obtained by 
subtracting the threshold value from a "low" voltage of the 
55 gate of the P-channel type MOS transistor 247, namely, the 
absolute value of the threshold voltage because the threshold 
value having a negative value is subtracting from the GND 
voltage. 

Namely, the booster circuit shown in FIG. 19 has a feature 
60 that a voltage can be efficiently boosted in case that a voltage 
inputted to the second input terminal 241 is not higher than 
the maximum voltage of the N-channel type MOS transistor 
248 and a voltage inputted to the first input terminal 242 is 
not lower than the minimum voltage of the P-channel type 
65 MOS transistor 247. However, the above booster circuit has 
a feature that its boosting efficiency is deteriorated or a 
voltage to be boosted comes to be conversely dropped in 
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case that the voUage of the second input terminal 241 is not 
lower than the maximum voltage of the N-channel type 
MOS transistor 248, or no boosting operation cannot be 
performed in case that the voltage of the first input terminal 
242 is lower than the minimum voltage of the P-channel type 5 
MOS transistor 247. 

Accordingly, in the present invention, with regard to the 
respective MOS transistors of the booster circuit shown in 
FIG. 19, an N-channel type MOS transistor has an N-type 
gate formed therein and a P-channel type MOS transistor has 
a P-type gate formed therein, and thereby a leak current can 
be suppressed even when the absolute value of its threshold 
voltage is lowered, and by keeping the absolute value of its 
threshold voltage as low as possible (0.2 V or so) a voltage 
can be boosted from a higher voltage even if Vdd is low and 
further can be boosted from a lower voltage. 

Although the booster circuit shown in FIG. 19 turns on an 
MOS transistor being off at the same time when an MOS 
transistor being on in the booster circuit is turned off, it is 
possible to prevent a passing-through current and improve 
the boosting efficiency of the booster circuit by turning on 20 
the MOS transistor being off after the MOS transistor being 
on has been turned off. 

The booster circuit 12 of this embodiment shown in FIG. 
17 has the first to third booster circuits having such a feature 
as described above arranged at the fore stage and has the 25 
fourth to fifteenth booster circuits having such a feature as 
described above arranged at the latter stage, and makes the 
first to third booster circuits perform a boosting operation 
from a low voUage, which is a weak point of the fourth to 
fifteenth booster circuits, and makes the fourth to fifteenth 30 
booster circuits perform a boosting operation from a high 
voltage, which is a weak point of the first to third booster 
circuits. Thus, the booster circuit 12 has been able to have 
a feature of making it possible to perform a boosting 
operation in case that Vdd is not lower than 0.3 V and the 
electromotive voltage Vp of a thermoelectric conversion 
device is not lower than 0.05 V. 

As shown in FIG. 12, this embodiment has realized a 
thermoelectric conversion device booster system which can 
efficiently boost the electromotive voltage Vp of a thermo- 
electric conversion device 120 and further can boost even 
the electromotive force Vp being as low as 0.05 V, by 
boosting the electromotive voltage Vp of the thermoelectric 
conversion device 120 by means of the booster circuit 12 
shown in FIG. 17. 

Although the booster circuit of this embodiment shown in 
FIG. 17 is designed so that the electromotive voltage of a 
thermoelectric conversion device 120 having the above - 
described performance is boosted to a voltage capable of 
driving such an IC operating at about 1.5 V as an IC used in 
a watch or the like, it is a matter of course that it is enough 
to perform such a design change as increasing or decreasing 
the niunber of the booster circuits arranged at the fore stage 
shown in FIG. 18 or the number of the booster circuits 
arranged at the latter stage shown in FIG. 19, in such a case 
that a voltage to be boosted is different as a case of boosting 
an electromotive voltage of a thermoelectric conversion 
device different in performance or another power generating 
device or a case of boosting a voltage of such a capacitor 
element as a capacitor or a secondary battery, or in such case 
that a necessary voltage to be boosted is different as a case 
that a voltage necessary for an IC to be driven is different. 

Embodiment 10 

FIG. 20 shows the booster circuit 12 according to this 
embodiment of the present invention, which has a structure 65 
different from that of the booster circuit as shown in FIG. 13 
or no. 17. 



First, a state of connection of the components is 

described. 

An electromotive force input terminal 268 for inputting 
Vp which is the electromotive voltage of a thermoelectric 
conversion device 120 is connected to an input terminal of 
a first booster circuit 260, the drain of an N-cbannel type 
MOS transistor 274 and the drain of an N-channel type MOS 
transistor 276. 

Each of output terminals of the respective booster circuits 
except the eighth booster circuit 265 is connected to an input 
terminal of the booster circuit next thereto, and an output 
terminal of the eighth booster circuit 265 is connected to a 
boosted voltage output terminal 269. 

A clock signal input terminal 270 for inputting a clock 
signal PI from an oscillator circuit 12 is connected to one 
input terminal of each of two-input NAND circuits 286, 288 
and 290, the input terminal of the inverter circuit 293, and 
the gates of the N-channel type MOS transistors 275 and 
276. 

A ficst detection signal input terminal 271 for inputting a 
first storage signal P41 storing a first detection signal which 
is one of detection signals from a voltage detecting circuit 
122 is connected to the other input terminal of the two-input 
NAND 927, which is not connected to the clock signal input 
terminal 270, and the gates of the N-channel type MOS 
transistors 278 and 279. 

A second detection signal input terminal 272 for inputting 
a second storage signal P42 storing a second detection signal 
which is one of the detection signals from the voltage 
detecting circuit 122 is connected to the other input terminal 
of the two-input NAND 288, which is not connected to the 
clock signal input terminal 270, the gates of the N-channel 
type MOS transistors 280 and 281, and the gate of a 
P-channel type MOS transistor 284. 

A third detection signal input terminal 273 for inputting a 
third storage signal P43 storing a third detection signal 
which is one of the detection signals from the voltage 
detecting circuit 122 is connected to the other input terminal 
of the two-input NAND 290, which is not connected to the 
clock signal input terminal 270, the gates of the N-channel 
type MOS transistors 282 and 283, and the gate of a 
P-channel type MOS transistor 285. 

The output terminal of the two -input NAND circuit 286 is 
connected to the input terminal of the inverter circuit 287 
and the second clock signal input terminals of the first 
booster circuit 260 and the second booster circuit 261. 

The output terminal of the inverter circuit 287 is con- 
nected to the first clock signal input terminals of the first 
booster circuit 260 and the second booster circuit 261. 

The output terminal of the two-input NAND circuit 288 is 
connected to the input terminal of the inverter circuit 289 
and the second clock signal input terminals of the third 
booster circuit 262 and the fourth booster circuit 263. 

The output terminal of the inverter circuit 289 is con- 
nected to the first clock signal input terminals of the third 
booster circuit 262 and the fourth booster circuit 263. 

The output terminal of the two-input NAND circuit 290 is 
connected to the input terminal of the inverter circuit 291 
and the second clock signal input terminals of the fifth 
booster circuit 264 to the eighth booster circuit 265. 

The output terminal of the inverter circuit 291 is con- 
nected to the first clock signal input terminals of the fifth 
booster circuit 264 to the eighth booster circuit 265. 

The output terminal of the inverter circuit 293 is con- 
nected to die gates of the N-cbannel type MOS transistors 
274 and 277. 
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The source of the N-channel type MOS transistor 274 is tive clock signal input terminals of the first booster circuit 

connected to the drains of the N-channel type MOS tran- 260, the second booster circuit 261 and the third booster 

sistors 275, 278, 280 and 282, and the source of the circuit 262 and clock signals are inputted to the other clock 

N-channel type MOS transistor 276 is connected to the signal input terminals of the fourth booster circuit 263 than 

drains of the N-channel type MOS transistors 277, 279, 281 5 the fourth clock signal input terminal, a voltage is boosted 

and 283, and the source of the N-channel type MOS tran- by 2xVp in each of the first booster circuit 260 to the third 

sistors 275 and 277 are connected to GND terminals. booster circuit 262 and is boosted by 4xVp in the fourth 

The source of the N-channel type MOS transistor 278 is booster circuit 263, and the P-channel type MOS transistor 

connected to the third clock signal input terminals of the first 284 is turned off and the P-channel type MOS transistor 285 

booster circuit 260 and the second booster circuit 261, and lO is turned on, a voltage of 8 Vp obtained by adding 7 Vp to 

the source of the N-channel type MOS transistor 279 is Vp is supphed through the P-channel type MOS transistors 

connected to the fourth clock signal input terminal of the 285 to the boosted voltage output terminal 269. Namely, the 

first booster circuit 260. boosted voltage Vdd becomes SxVp. 

The source of the N-channel type MOS transistor 280 is In case that all of the first storage signal P41, the second 

connected to the third clock signal input terminals of the storage signal P42 and the third storage signal P43 are 

third booster circuit 262 and the fourth booster circuit 263, "high", since the clock signals are inputted to clock signal 

and the som-ce of the N-channel type MOS transistor 281 is input terminals of all of the first to eighth booster circuits 

connected to the foiu-th clock signal input terminals of the 260 to 265 shown in FIG. 20, a voltage is boosted by 2xVp 

third booster circuit 262 and the second booster circuit 261. in each of the first to seventh booster circuits and is boosted 

The source of the N-channel type MOS transistor 282 is ^P i° eighth booster circuit 265, and so a voltage of 

connected to the third clock signal input terminals of the fifth ^^^^P obtained by adding 15 Vp to Vp is supplied to the 

booster circuit 264 to the eighth booster circuit 265, and the boosted voltage output terminal 269. Namely, the boosted 

source of the N-channel type MOS transistor 283 is con- voltage Vdd becomes 16 Vp. 

nected to the fourth clock signal input terminals of the fourth Although it has been described that a portion boosted in 

booster circuit 263 and the eighth booster circuit 265. each booster circuit is 2xVp or Vp, such a value can be 

The sources and substrates of the P-channel type MOS obtained in case that Vp is not higher than the maximum 

transistore 284 and 285 are connected to the boosted voltage vo^^^g^ ^^1^^ ^^e N-channel type MOS transistors 274, 

output terminal 269 276, 278, 279, 280, 281, 282 and 283, namely, in case that 

Tliepowerterminalsof thetwo-inputNANDcircuits286, 3. ^f^^^ ^^^^^ of a clock si^al inputted to the third 

288 and 290, the inverter circuits 287, 289, 291 and 293 are ^^^f "^PJ^^ f "^^^^ ^^^^ 

connected to a Vdd input terminal 267 to which a boosted ^ ,^P- ^° ^^,^^\P ^ ^'^^l' ^^^^"/^^ maxmium voltage 

volUge Vdd is inputted, and the GND terminals thereof are ^^^.^"f ' ^^'^^^ ^^^^f ?^ ^ ^^^^^ signal mputted to the 

connected to a GND potential input terminal 292 connected or fourth clock signal mput terminal of each booster 

to anelectrodeatthelowervoltagesideof the thermoelectric 3, ^^^^^^ becomes the maximum voltage value and a boosted 

conversion device 120 portion m each booster circuit becomes two times the 

KT * J u J T *t- . 11 <:*u c * maximum voltage value or becomes the maximum voltage 

Next, Its operation IS described. In case that all of the first 1 vr 1 fu u * j 1* 1* * j • 

. , , , . , J value. Namely, the boosted voltage results in dropping, 

storage signal P41, the second storage signal P42 and the r • c & 

third storage signal P43 are "loV, since no clock signal is Therefore, m the booster circuit of this embodunent 

inputted to any of the first to eighth booster circuits 260 to 40 ^1'°'^ '° r^? /^; ^o^'^J^I ^on^^^."^."^ 

265 shown in FIG. 20, any booster circuit does not operate sistors 274, 276, 278, 279, 280, 281, 282 and 283 has an 

and performs no boosting operation. Although the P-channel N-type gate formed therein so as to suppress a leak current 

type MOS transistors 284 and 285 are on, a current leaking ^ threshold voltage is lowered and keeps its 

through both the transistor from the boosted voltage output threshold voltage as low as possible (0.2 V or so), and 

terminal 269 is only a charging current of a capacitance 45 thereby makes it possible to have a boosted portion of 2xVp 

component dangling about the drains of both the transistors. ^^""^ ^^^^^^^ ^^^^^^^ if the Vp is high to some 

In case that the first storage signal P41 is "high" and the degree, 

second storage signal P42 and the third storage signal P43 ^s described above, by foraiing a booster curcuit mto the 

are "low'*, since clock signals are inputted to the respective arrangement as shown in FIG. 20, the booster circuit 12 

clock signal input terminals of the first booster circuit 260 50 capable of varying its boosting factor according to a storage 

and clock signals are inputted to the other clock signal input signal outputted by a signal storage circuit 123 storing a 

terminals than the fourth clock signal input terminal of the detection signal of a voltage detecting circuit 122 can be 

second booster circuit 261, a voltage is boosted by Vp in the realized by another arrangement different from the booster 

first booster circuit 260 and is boosted by Vp in the second ^i^^^i^ shown in HG. 13 or 17. 

booster circuit 261, and since the P-channel type MOS 55 FIG. 21 is a circuit diagram of the first and second booster 

transistor 284 is turned on, a voltage of 4xVp obtained by circuits shown in FIG. 20 of the present invention, 

adding 3xVp to Vp is supplied through the P-channel type First, its connection is described. 

MOS transistor 284 to the boosted voltage output terminal An input terminal 300 is connected to the drain of an 

269. Namely, the boosted voltage becomes 4 Vp. Although N-channel type MOS transistor 306, the gate of the 

the P-channel type MOS transistor 285 is also turned on, a 60 N-channel type MOS transistor 306 is connected to a first 

current leaking through the P-channel type MOS transistor clock signal input terminal 302, the source of the transistor 

285 from the boosted voltage output terminal 269 is only a is connected to a first electrode of a capacitor 308 and the 

charging current of a capacitance component dangling about drain of an N-channel type MOS transistor 307, a second 

the drains of both the transistors. electrode of the capacitor 308 is connected to a third clock 

In case that the first storage signal P41 and the second 65 signal input terminal 304, the gate of the N-channel type 

storage signal P42 are "high" and the third storage signal MOS transistor 307 is connected to a second clock signal 

P43 is "low**, since clock signals are inputted to the respec- input terminal 303, the source of the transistor is connected 
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to a first electrode of a capacitor 309 and an output terminal 
301, and a second electrode of the capacitor 309 is con- 
nected to a fourth clock signal input terminal 305. 

Next, its operation is described. It is assumed that the 
higher voltage of the third and the fourth clock signal is Vh 
and the lower voltage is "low". 

First, a case of inputting a clock signal to the foiirth clock 
signal input terminal 305 is described. 

A boosted voltage is outputted from the output terminal 
301 by successively supplying electric charges from the 
input terminal 300 to the output terminal 301 as repeating 
alternately a first state and a second state as follows. The first 
state is such that a clock signal of the first clock signal input 
terminal 302 is "high", a clock signal of the second clock 
signal input terminal 303 is "low", a clock signal of the third 
clock signal input terminal 106 is "low", a clock signal of the 
fourth clock signal input terminal 305 is Vh, and the 
N-channel type MOS transistor 306 is turned on and the 
N-channel type MOS transistor 307 is turned off, and an 
electric charge is supplied from the input terminal 300 
through the N-channel type MOS transistor 306 to the first 
electrode of the capacitor 308 by lowering the voltage of the 
first electrode of the capacitor 308 by Vh firom its previous 
state and boosting the voltage of the first electrode of the 
capacitor 309 by Vh from its previous state and at the same 
time a boosted voltage is outputted from the first electrode 
of the capacitor 309 to the output terminal 301. The second 
state is such that a clock signal of the first clock signal input 
terminal 302 is "low", a clock signal of the second clock 
signal input terminal 303 is "high", a clock signal of the third 
clock signal input terminal 106 is Vh, a clock signal of the 
fourth clock signal input terminal 305 is "low'*, and the 
N-cbaimel type MOS transistor 306 is turned oS and the 
N-channel type MOS transistor 307 is turned on, and an 
electric charge is supplied from the first electrode of the 
capacitor 308 through the N-channel type MOS transistor 
307 to the first electrode of the capacitor 309 by boosting the 
voltage of the first electrode of the capacitor 308 by Vh from 
its previous state and lowering that of the first electrode of 
the capacitor 309 by Vh firom its previous state. 

When the respective N-channel type MOS transistors are 
turned on, in case that electric charges have been able to be 
supplied from the drain to the source until a voltage differ- 
ence between the drain and the source of each of the 
N-channel type MOS transistors is eliminated, a boosted 
voltage of the first electrode of the capacitor 308 becomes a 
value obtained by adding Vh to the voltage of an input 
terminal 300 and a boosted voltage of the first electrode of 
the capacitor 309 becomes a value obtained by adding Vh to 
the boosted voltage of the capacitor 308, and so a boosted 
voltage to be outputted fi-om this output terminal 301 
becomes a value obtained by adding 2 Vh to the voltage of 
the input terminal 300. However, when the N-channel type 
MOS transistors 306 and 307 are turned on, in case that the 
source voltage of either one of the transistors has reached the 
maximum voltage value of the transistor, the boosted volt- 
age to be outputted from this output terminal 301 becomes 
a lower value compared with a case where the source voltage 
does not reach the maximum voltage value, and it may 
become a voltage not higher than the voltage of the input 
terminal 300, namely, a lowered volUge according to cir- 
cumstances. 

Namely, the booster circuit 12 has a feature that a voltage 
can be efficiently boosted and furthermore can be boosted 
however low it is in case that a voltage to be boosted is low 
or in case that Vdd is high, as described above, and the 
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maximum vohage of each of the N-channel type MOS 
transistors is high and each of the transistors can do with 
supplying only a voltage not higher than the maximum 
voltage value, but has a feature that its boosting efficiency 

5 becomes low in case that a voltage to be boosted is high or 
in case that Vdd is low, as described above, and the 
maximum voltage of each of the N-channel type MOS 
transistors is low and any one of the transistors must supply 
a voltage higher than the maximum voltage value of the 

10 N-channel type MOS transistor, and a voltage to be boosted 
may result in conversely dropping in case that the voltage to 
be boosted is higher or the Vdd becomes further lower. 

Accordingly, each of the above-mentioned N-chaimel 
type MOS transistors shown in FIG. 21 has an N-type gate 

15 formed therein so as to suppress a leak cxu'rent even when its 
threshold voltage is lowered, and can boost a voltage from 
a higher voltage even if Vdd is low by keeping its threshold 
voltage as low as possible (0.2 V or so). 

Next, a case where no clock signal is inputted to the fourth 
clock signal input terminal 305 is described. 

This case is different from a case where a clock signal is 
inputted to the fourth clock signal input terminal 304 only in 
that the capacitor 309 is a smoothing capacitor and does not 
contribute to its boosting operation. Namely, a boosted 
voltage to be outputted to the output terminal 301 drops by 
the Vh, and so becomes a value obtained by adding the Vh 
to the voltage of the input terminal 300. 

FIG. 22 is a circuit diagram of each of the third to seventh 
booster circuits shown in FIG. 20. 

Its arrangement is nearly the same as the booster circuit 
shown in FIG. 21, and is different from the booster circuit 
only in that the N-channel type MOS transistor 306 in the 
booster circuit of FIG. 21 is replaced, as shown in FIG. 22, 

35 with a P-channel type MOS transistor 317 in which the drain 
is connected to an input terminal 311, the source and 
substrate are connected to a first electrode of a capacitor 319, 
and the gate is connected to a second clock signal input 
terminal, and the N-channel type MOS transistor 307 in the 

40 booster circuit of FIG. 21 is replaced, as shown in FIG. 22, 
with a P-channel type MOS transistor 318 in which the drain 
is connected to a first electrode of the capacitor 319, the 
source and substrate are connected to a first electrode of a 
capacitor 320, and the gate is connected to a first clock signal 

45 input terminal 313. 

Its operation is also the same as the booster circuits 260 
and 261 shown in FIG. 21 in the timing when the respective 
MOS transistors are turned on/off and in the timing when the 
level of a clock signal inputted to the second electrode of 

50 each capacitor becomes Vh or "low", and is different from 
the booster circuits of FIG. 21 in a voltage condition for 
efficiently boosting a voltage. Namely, while the booster 
circuits shown in FIG. 21 can efficiently boost a voltage in 
case that a voltage supplied by each N-channel type MOS 

55 transistor is not higher than the maximum voltage value of 
the transistor since each MOS transistor is formed out of an 
N-channel type MOS transistor, the booster circuit shown in 
FIG. 22 can efficiently boost a voltage in case that a voltage 
supplied by each P-channel type MOS transistor is not lower 

60 than the minimum voltage value of the transistor since each 
MOS transistor is formed out of a P-channel type MOS 
transistor. 

Namely, the booster circuit shown in FIG. 22 has a feature 
that a voltage can be efficiently boosted and further can be 
65 boosted however high it is in case that the voltage to be 
boosted is high and each P-channel type MOS transistor 
supplies a voltage not lower than the minimum voltage value 



6,12 

47 

of the transistor, but has a feature that its boosting efiBciency 
becomes low or no voltage may be outputted from the output 
terminal 312 according to circumstances in case that the 
voltage to be boosted is low and any one of the N-channel 
type MOS transistors is to supply a voltage lower than the 
minimum voltage value of the transistor. 

Accordingly, each of the P-channel type MOS transistors 
of the booster circuit shown in FIG. 22 has a P-type gate 
formed therein and thereby a leak current can be suppressed 
even when the absolute value of its threshold voltage is 
lowered, and a voltage can be boosted from a lower voltage 
by keeping the absolute value of its threshold voltage as low 
as possible (0.2 V or so). 

FIG. 23 is a circuit diagram of the eighth booster circuit 
265 shown in FIG. 20 in the present invention. Its arrange- 
ment is nearly the same as the booster circuit 310 shown in 
FIG. 22, and is different from the booster circuit 310 only in 
that it does not have a capacitor 320 corresponding to the 
capacitor of the booster circuit 310 shown in FIG. 22. As 
shown in FIG. 23, therefore, nothing is connected to a fourth 
clock signal input terminal 335 thereof. 

Its operation is also nearly the same as the booster circuit 
310 shown in FIG. 22, and is different from the booster 
circuit 310 in that since there is not the capacitor 320 shown 
in FIG. 22, a voltage to be outputted from an output terminal 
331 drops lower by Vh than the boosted voltage outputted to 
the output terminal 312 of the booster circuit 310 of FIG. 22. 

The booster circuit 266 of the embodiment shown in FIG. 
20 has been able to have a feature capable of performing a 
boosting operation in case that Vdd is not lower than 0.3 V 
and the electromotive voltage Vp of a thermoelectric con- 
version device is not lower than 0.05 V, by forming each of 
the first booster circuit 260 and the second booster circuit 
261 at the fore stage into the booster circuit shown in FIG. 
21, forming each of the third to seventh booster circuits 265 
at the latter stage into the booster circuit shown in FIG. 22 
as described above, and forming the eighth booster circuit at 
the last stage into the booster circuit shown in FIG. 23 as 
described above, and by making the first and second booster 
circuits 260 and 261 perform a boosting operation from a 
low voltage, which is a weak point of the third to eighth 
booster circuits, and making the third to eighth booster 
circuits perform a boosting operation from a high voltage, 
which is a weak point of the first and second booster circuits. 

As shown in FIG. 12, the embodiment has realized a 
thermoelectric conversion device booster system which can 
efficiently boost an electromotive voltage Vp of a thermo- 
electric conversion device 120 and further can boost even 
the electromotive force Vp being as low as 0.05 V by 
boosting the electromotive voltage Vp of the thermoelectric 
conversion device 120 by means of the booster circuit 266 
shown in FIG. 20. 

Although the booster circuit of the embodiment shown in 
FIG. 20 is designed so that the electromotive voltage of a 
thermoelectric conversion device having the above- 
described performance is boosted to a voltage capable of 
driving such an IC operating at about 1.5 V as used in a 
watch or the like, it is a matter of course that it is enough to 
perform such a design change as increasing or decreasing 
the number of the booster circuits arranged at the fore stage 
shown in FIG. 21, or the number of the booster circuits 
arranged at the latter stage shown in FIG. 22, in such a case 
that a voltage to be boosted is different as a case of boosting 
an electromotive voltage of a thermoelectric conversion 
device different in performance or another power generating 
device or a case of boosting a voltage of such a capacitor 
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element as a capacitor or a secondary battery, or in such case 
that a necessary voltage to be boosted is different as a case 
that a voltage necessary for an IC to be driven is different. 
Moreover, it is a matter of course that a booster circuit 
^ having an aimed performance can be realized also by 
combining the features of the respective booster circuits 
shown in FIGS. 13, 17 and 20 as described above. 

Embodiment 11 

The oscillator circuit 13 according to this embodiment of 
the present invention will be described. 

FIG. 24 shows an oscillator circuit diagram. An output 
terminal of an inverter circuit 343 is connected to an input 

IS terminal of an inverter circuit 344 and a first electrode of a 
capacitor 348, an output terminal of the inverter circuit 344 
is connected to an input terminal of an inverter circuit 345 
and a first electrode of a capacitor 349, an output terminal of 
the inverter circuit 345 is connected to input terminals of the 

20 inverter circuit 343 and 346 and a first electrode of a 
capacitor 350. An output terminal of the inverter circuit 346 
is connected to an input terminal of the inverter circuit 347, 
and the output terminal of the inverter circuit 347 is con- 
nected to a clock signal output terminal 342 for outputting 

25 a clock signal PI. Second electrodes of capacitors 348, 349, 
and 350 are connected to a GND terminal 341 that is an 
electrode at the lower potential side of the generator or the 
power supply 11. Herein, the power supply of each inverter 
circuit is connected to a Vdd input terminal 340, and the 

30 grounded terminal of each inverter circuit is connected to the 
GND terminal 341. By employing the above-described 
structure, the clock signal for about 50% of duty is obtained. 
Also, in the oscillator circuit 13 according to the present 
invention, assuming that threshold voltages of N-channel 

35 lypc transistors and P-channel type transistors in the inverter 
circuits are 0.3 V, respectively, the minim mn diving voltage 
of the oscillator circuit 13 is 0.7 V. 

FIG. 25 shows a diagram of the oscillator circuit 13 
according to this embodiment, which has a structure differ- 

40 ent from that of the oscillator circuit as shown in FIG. 24. 

First, a state of connection thereof is described. 

An electromotive voltage input terminal 360 for inputting 
the electromotive voltage Vp of a thermoelectric conversion 
device 120 is connected to the gate of an N-channel type 
MOS transistor 364 of a depletion type (normally-on type) 
and a Vdd input terminal 362 into which a boosted voltage 
Vdd is inputted, is connected to the drain of an N-channel 
type MOS transistor 364 and the sources and substrates of 
P-channel type MOS transistors 376 and 377. 

50 

The source of the depletion-type N-chaimel type MOS 
transistor 364 is connected to the sources and substrates of 
P-channel type MOS transistors 368, 370 and 372, and the 
source and substrate of a P-channel type MOS transistor 374 
of an inverter circuit 366. 

The drain of the P-channel type MOS transistor 368 is 
connected to the drain of an N-chaimel type MOS transistor 
369, a first electrode of a capacitor 380 and the gates of the 
P-channel type MOS transistor 370 and an N-channel type 
MOS transistor 371. 

The drain of the P-channel type MOS transistor 370 is 
connected to the drain of the N-channel type MOS transistor 
371, a first electrode of a capacitor 381 and the gates of the 
P-channel type MOS transistor 372 and the N-channel type 
55 MOS transistor 373. 

The drain of the P-channel type MOS transistor 372 is 
connected to the drain of the N-channel type MOS transistor 
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373, the gates of the P-channel type MOS transistor 368 and a P-type gate or making an N-channel type MOS transistor 

the N-chaonel type MOS transistor 369, the gates of the have an N-type gate so as to suppress a leak current even 

P-channel type MOS transistor 374 and the N-channel type when the absolute value of its threshold voltage with regard 

MOS transistor 375, and the gate of the N-channel type to the other MOS transistors than a depletion-type 
MOS transistor 379. s N-channel type MOS transistor 364 and thereby making the 

The drain of the P-channel type MOS transistor 374 is absolute value of the threshold voltage of each of the MOS 

connected to the drain of the N-channel type MOS transistor transistors as low as possible (0.2 V or so). 
375 and the gate of the N-channel type MOS transistor 378. 

The drain of the P-channel type MOS transistor 376 is Embodiment 12 
connected to the gate of the P-channel type MOS transistor ^° FIG. 26 is a circuit diagram of the intermittent pulse 

377 and the drain of the N-channel type MOS transistor 378. generator circuit 121 shown in FIG. 12. 

The drain of the P-channel type MOS transistor 377 is First, its connection state is described, 

connected to the gate of the P-channel type MOS transistor a clock signal input terminal 390 for inputting a clock 

376, the drain of the N-channel type MOS transistor 379 and signal PI from an oscillator circuit 13 is connected to the 

a clock signal output terminal 361 for outputting a clock input terminals of inverter circuits 394 and 396, the output 

signal PI. terminal of the inverter circuit 394 is connected to a first 

The sources of the N-channel type MOS transistors 369, electrode of a capacitor 397, whose second electrode is 

371, 373, 375, 378 and 379, and the second electrodes of the connected to a GND terminal, and the input terminal of an 
capacitors 380 and 381 are connected to a GND terminal. 20 inverter circuit 395, the output terminal of the inverter 

The section 365 enclosed by a dotted line shows a ring circuit 395 is connected to a first input terminal of a 

oscillator circuit, the section 366 enclosed by a dotted line two-input NAND circuit 398, the output terminal of the 

shows an inverter circuit, and the section 367 enclosed by a inverter circuit 396 is connected to a second input terminal 

dotted line shows a level shift circuit. of the two-input NAND circuit 398, the output terminal of 

And connecting to the GND terminal means connecting to 25 the two-input NAND circuit 398 is connected to the input 

a GND potential input terminal 363 connected with an terminal of an inverter circuit 399, and the output terminal 

electrode at the lower potential side of the thermoelectric ^f the inverter circuit 399 is connected to an intennittent 

conversion device 120. pulse output terminal 391 for outputting an intermittent 

Next, operation of the respective components is pulse signal P2. 

described. The depletion-type N-channel type MOS transis- In the respective inverter circuits and the two-input 

tor 364 regulates a voltage of Vdd inputted from the Vdd NAND circuit, their power terminals are connected to a Vdd 

input terminal 362. The regulated voltage of the transistor terminal 392 to which a boosted voltage Vdd is inputted, and 

becomes a voltage obtained by adding a voltage of the gate their GND terminals are connected to a GND potential input 

of the transistor, namely, an electromotive voltage Vp of the terminal 393 which is connected to an electrode at the lower 
thermoelectric conversion device 120 to the absolute value ^5 potential side of the thermoelectric conversion device 120. 

of the threshold voltage of the transistor. Namely, the Next, its operation is described. The clock signal PI 

regulated voltage of the transistor rises when the electro- inputted from the clock signal input terminal 390 is inputted 

motive voltage Vp of the thermoelectric conversion device to the first input terminal of the two-input NAND circuit 398 

rises, and drops when the Vp drops. through the inverter circuit 394 and the inverter circuit 395. 

The ring oscillator circuit 365 generates a clock signal. This clock signal inputted to the first input terminal of the 

The frequency of the clock signal rises or drops, two-input NAND circuit 398 is delayed in phase more than 

respectively, when the power voltage of the ring oscillator the clock signal PI by a time necessary for charging/ 

365, namely, the regulated voltage rises or drops. Therefore, discharging the capacitor 397. 

while the frequency of the clock signal rises when the On the other hand, a clock signal inputted to the second 

electromotive voltage Vp of the thermoelectric conversion input terminal of the two-input NAND circuit 398 through 

device 120 rises, the frequency of the clock signal drops the inverter circuit 396 is inverse in phase to the clock signal 

when the Vp drops. PI. 

The inverter circuit 366 has the clock signal inputted In the two-input NAND circuit 398, since the clock 

therein and outputs a clock signal obtained by inverting the signals as described above are inputted to the input terminals 

clock signal in phase. of the two-input NAND circuit, the output terminal of the 

The level shift circuit 367 takes in a clock signal from the two-input NAND circuit outputs a clock signal which is 

ring oscillator circuit 365 and a clock signal fi^om the "low" only for a period from the time when the second input 

inverter circuit 366, and outputs a clock signal obtained by terminal of the two-input NAND circuit has been changed 
converting the wave height value of the clock signal from 55 from "low"* to "high" to the time when the first input 

the inverter circuit 366 into a boosted voltage Vdd to the terminal of the two-input NAND circuit is changed from 

clock signal output terminal 361. "high" to "low," namely, only for a period of time necessary 

Namely, by adopting the arrangement shown in FIG. 25 as ^^r charging the capacitor 397. 
described above, it is possible to realize an oscillator circuit The inverter circuit 399 inverts a pulse signal outpuUed by 
capable of varying the fi-equency of a clock signal to be 60 two-input NAND circuit 398 in phase and outputs a 
outputted according to the electromotive voltage Vp of a clock signal obtained by the phase inversion to the inter- 
thermoelectric conversion device 120. mittent pulse signal output terminal 391. 

Moreover, the oscillator circuit of this embodiment shown The intermittent pulse signal output terminal 391 outputs 

in FIG. 25 has a feature that a clock signal can ve outputted a pulse signal outputted by the inverter circuit 399 as an 
in a state where a boosted voltage Vdd or the electromotive 65 intermittent pulse signal P2. 

voltage Vp of a thermoelectric conversion device is low (0.3 It is a matter of course that a period for which the 

V or so) by making a P-channel type MOS transistor have intermittent pulse signal P2 is "high" can be varied by 
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varying the driving capability of the inverter circxiit 394 or 
the capacity of the capacitor 397. 

Moreover, the intermittent pulse generator circuit 121 of 
the embodiment shown in FIG. 26 has a feature that an 
intermittent clock signal can be outputted even in a state 
where a boosted voltage Vdd is low by making a P-channel 
type MOS transistor have a P-type gate or making an 
N-channel type MOS transistor have an N-type gate so as to 
suppress a leak current even when the absolute value of its 
threshold voltage is lowered with regard to the MOS tran- 
sistors forming the respective circuits and thereby making 
the absolute value of the threshold voltage of each of the 
MOS transistors as low as possible (0.2 V or so). 

Embodiment 13 

FIG. 27 is a circuit diagram of the voltage detecting 
circuit 122 of the embodiment shown in FIG. 12. First, its 
connection state is described. An electromotive voltage 
input terminal 400 for inputting the electromotive voltage 
Vp of a thermoelectric conversion device 120 is connected 
to a first electrode of a resistor Ra 410 and the gate of an 
N-channel type MOS transistor 423. 

A second electrode of the resistor Ra is connected to a first 
electrode of a resistor Rb and the gate of an N-channel type 
MOS transistor 425. 

A second electrode of the resistor Rb is connected to a first 
electrode of a resistor Rc and the gate of an N-channel type 
MOS transistor 427, and a second electrode of the resistor 
Rc is connected to the drain of an N-channel type MOS 
transistor 413. 

An intermittent pulse signal input terminal 401 for input- 
ting an intermittent pulse signal P2 is connected to the gate 
of an N-channel type MOS transistor 413 and the input 
terminal of an inverter circuit 414. 

The output terminal of the inverter circuit 414 is con- 
nected to the gate of a P-channel type MOS transistor 415 
and the gate of an N-channel type MOS transistor 416. 

In an N-channel type MOS transistor 417 of a depletion 
type (normally-on type), the drain of the transistor is con- 
nected to the drain of the P-channel type MOS transistor 
415, and the gate of the transistor is connected to the source 
of the transistor, the drain and gate of an N-channel type 
MOS transistor 418, the drain of the N-channel type MOS 
transistor 416, and the gates of a P-channel type MOS 
transistor 420 and an N-channel type MOS transistor 421. 

The gate of a P-channel type MOS transistor 419 is 
connected to the drain of the P-channel type MOS transistor 
419, the gates of P-channel type MOS transistors 422, 424 
and 426, and the drain of the N-channel type MOS transistor 
420. 

The source of the N-channel type MOS transistor 420 is 
connected to the drain of the N-channel type MOS transistor 
421 and the sources of N-channel type MOS transistors 423, 
425 and 427. 

The drain of the P-channel type MOS transistor 422 is 
connected to the drain of the N-channel type MOS transistor 
423 and a third output tenninal 402 for outputting a third 
detection signal P33. 

The drain of the P-channel type MOS transistor 424 is 
connected to the drain of the N-channel type MOS transistor 
425 and a second output terminal 403 for outputting a 
second detection signal P32. 

The drain of the P-channel type MOS transistor 426 is 
connected to the drain of the N-channel type MOS transistor 
427 and a first output tenninal 404 for outputting a first 
detection signal P31. 
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A Vdd input terminal 405 for inputting a boosted voltage 
Vdd is connected to the sources and substrates of the 
P-channel type MOS transistors 415, 419, 422, 424 and 426, 
and the power source of the inverter circuit 414. 

5 The sources of the N-channel type MOS transistors 413, 
416, 418 and 421 are connected to a GND terminal. 

With regard to the sections enclosed by dotted lines 
shown in FIG. 27, reference numeral 407 denotes a voltage 
dividing resistor section, 408 denotes a reference voltage 
generator circuit section, and 409 denotes a comparator 
circuit section. 

And connecting to the GND terminal means connecting to 
a GND potential input terminal 406 connected with an 
electrode at the lower potential side of the thermoelectric 
conversion device 120. 

Next, operation of the respective components is 
described. The voltage dividing resistor section 407 outputs 
divided voltages of the electromotive voltage Vp of the 

20 thermoelectric conversion device. The divided voltages 
include a first divided voltage obtained by dividing the Vp 
with the resistor Ra 410 and a resistor in which the resistor 
Rb 411 and Rc 412 are connected in series with each other, 
and a second divided voltage obtained by dividing the Vp 

25 with a resistor in which the resistor Ra 410 and Rb 411 are 
connected in series with each other and the resistor Rc 412, 
and the first divided voltage and the second divided voltage 
are outputted, respectively, from the first electrode of the 
resistor Rb 411 and the first electrode of the resistor Rc 412. 

3Q Furthermore, an intermittent operation is performed to 
reduce a current consumption by controlling the voltage 
dividing resistor section 407 so as to output the divided 
voltages only for a period when the intermittent pulse signal 
P2 is "high" and so as to output no divided voltage by 

35 cutting the current flowing through the resistors when the 
intermittent pulse signal P2 is "low" by means of the 
N-channel type MOS transistor 413 having the intermittent 
pulse signal P2 inputted into its gate. 
The reference voltage generator circuit section 408 out- 

40 puts a reference voltage. The reference voltage is outputted 
from the drain of the N-channel type MOS transistor 418. 
Furthermore, an intermittent operation is performed to 
reduce a current consumption by controlling the reference 
voltage generator section 408 so as to output the reference 

45 voltage only for a period when the intermittent pulse signal 
P2 is "high" and output the GND potential instead of the 
reference vohage by turning off the P-channel type MOS 
transistor 415 to cut an electric current from the Vdd and 
turning on the N-channel type MOS transistor 416 for a 

50 period when the intermittent pulse signal P2 is "low^*, by 
means of the P-channel type MOS transistor 415 and the 
N-channel type MOS transistor 416 having the intermittent 
pulse signal P2 inputted into the gates thereof through the 
inverter circuit 414. 

55 The comparator circuit section 409 is a comparator circuit 
using a comparison method of a current mirror type, and 
performs an operation which compares with each other the 
reference voltage inputted to the gate of the N-channel type 
MOS transistor 420 with the electromotive voltage Vp of the 

60 thermoelectric conversion device 120 inputted to the gate of 
the N-channel type MOS transistor 423, and outputs a 
detection signal in three manners as follows. In a first 
manner, a signal of "high" is outputted as the third detection 
signal P33 from the third output terminal 402 in case that the 

65 Vp is lower than the reference voltage and a signal of "low" 
is outputted as the signal P33 in case that the Vp is higher 
than the reference voltage. In a second manner, the reference 
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voltage is compare with the first divided voltage inputted connection state is described. A first input terminal 430 for 

from the voltage dividing resistor section 407 to the gate of inputting a first detection signal P31 outputted from the 

the N-channel type MOS transistor 425, and a signal of voltage detecting circuit 122 is connected to a signal input 

"high" is outputted as the second detection signal P2 from terminal of a first storage circuit 439, a second input terminal 
the second output terminal 403 in case that the first divided s 431 for inputting a second detection signal P32 outputted 

voltage is lower than the reference voltage and a signal of from the voltage detecting circuit is connected to a signal 

"low** is inputted as the signal P2 in case that the first divided input terminal of a second storage circuit 440, and a third 

voltage is higher than the reference voltage. In a third input terminal 432 for inputting a third detection signal P33 

manner, the reference voltage is compared with the second outputted from the voltage detecting circuit is connected to 
divided voltage inputted from the voltage dividing resistor 10 a signal input signal of a third storage circuit 441. 

section 407 to the gate of the N-channel type MOS transistor An intermittent pulse signal input terminal 433 for input- 

427, and as the first detection signal P31 a signal of "high" ting an intermittent pulse signal P2 outputted from an 

is outputted firom the first output terminal 404 in case that the intermittent pulse generator circuit 121 is connected to a first 

second divided voltage is lower than the reference voltage intermittent pulse signal input terminal of each of a first 
and a signal of "low"* is outputted in case that the second 15 storage circuit 439, a second storage circuit 440 and a third 

divided voltage is higher than the reference voltage. storage circuit 441, and the input terminal of an inverter 

Furthermore, the comparator circuit section 409 performs circuit 442; and the output terminal of the inverter circuit 

a detecting operation by making an electric current flow to 442 is connected to a second intermittent pulse signal input 

the GND terminal when the reference voltage is outputted, terminal of each of the first storage circuit 439, the second 
namely, when the intermittent pulse signal P2 is "high", and ^0 storage circuit 440 and the third storage circuit 441. 

performs no detecting operation by making no electric a Vdd input terminal 437 for inputting a boosted voltage 

current flow to the GND terminal when the reference voltage vdd is connected to a Vdd input terminal of each of the firet 

is not outputted and the GND potential is outputted, namely, storage circuit 439, the second storage circuit 440 and the 

when the intermittent pulse signal is "low", by means of the third storage circuit 441, and a GND potential input terminal 
N-channel type MOS transistor 421 having the reference 25 ^ connected with an electrode at the lower potential side 

voltage inputted into its gate. Namely, it reduces a current of the thermoelectric conversion device 120 is connected to 

consumption by intermittently performing a detecting opera- a GND potential input terminal of each of the first storage 

circuit 439, the second storage circuit 440 and the third 

This embodiment has been designed so that the first storage circuit 441. 

divided voltage is 0.4 V when the electromotive voltage Vp An output terminal of the first storage circuit 439 is 

of the thermoelectric conversion device 120 is 0.8 V and the connected to a first output terminal 434 for outputting a first 

second divided voltage is 0.4 V when the electromotive storage signal P41, an output terminal of the second storage 

voltage Vp of the thermoelectric conversion device 120 is circuit 440 is connected to a second output terminal 435 for 

1.6 V, and the reference voltage is 0.4 V. Namely, the third outputting a second storage signal P42, and an output 

detection voltage P33 is "low** when the electromotive terminal of the third storage circuit 441 is connected to a 

voltage Vp of the thermoelectric conversion device is not third output terminal 436 for outputting a third storage signal 

lower than 0.4 V and the vohage P33 is "high" when the Vp P43. 

is lower than 0.4 V, and the second detection signal P2 is And a power terminal of the inverter circuit 442 is 
"loV' when the Vp is not lower than 0.8 V and the signal P2 ^ connected to a Vdd input terminal 437 for inputting a 

IS "high" when the Vp is lower than 0.8 V, and the first boosted voltage Vdd, and a GND terminal of the inverter 

detection signal P31 is "low" when the Vp is not lower than circuit 442 is connected to a GND potential input terminal 

1.6 V and the signal P31 is "high" when the Vp is lower than 435 connected with an electrode at the lower potential side 

^■^ ^ of the thermoelectric conversion device 120. 

Moreover, the voltage detecting circuit 122 of the Next, its operation is described. First, since the first 

embodiment shown in FIG. 27 has a feature that the respec- intermittent pulse signal input terminal of each of the 

tive detection signals can be outputted even in a state where respective storage circuits is "high" and the second inter- 

a boosted voltage Vdd or the electromotive voltage Vp of the mjttent pulse signal input terminal of each of the respective 

thermoelectric conversion device 120 is low by making a storage circuits is "low** for a period when the intermittent 

P-channel type MOS transistor have a P-type gate formed p^is^ signal p2 "high", the first storage circuit 439 outputs 

therein or making an N-channel type MOS transistor have an the same signal as the first detection signal P31 to the first 

N-type gate formed therein so as to suppress a leak current output terminal 434, the second storage circuit 440 outputs 

even when the absolute value of its threshold voltage is the same signal as the second detection signal P32 to the 

lowered with regard to the MOS transistors forming the second output terminal 435, and the third storage circuit 441 

respective circuits and thereby making the absolute value of outputs the same signal as the third detection signal P33 to 

the threshold voltage of each of the MOS transistors as low the third output terminal 436. 

as possible (0.2 V or so). Next, since the first intermittent pulse signal input lermi- 

Namely, by forming the voltage detecting circuit 122 of nal of each of the respective storage circuits is "low" and the 

the embodiment shown in FIG. 12 into such an arrangement second intermittent pulse signal input terminal of each of the 
as shown in FIG. 27, it is possible to realize a voltage 50 respective storage circuits is "high" for a period when the 

detecting circuit having a little current consumption, the intermittent pulse signal P2 is "low" after "high", the first 

circuit performing an intermittent operation based upon an storage circuit 439 stores the voltage of the first detection 

intermittent pulse signal P2. signal P31 at the time when the intermittent pulse signal P2 

P . becomes "low" from "high" and continues outputting the 

bmbodunent 14 wo\ugi& of the stored first detection signal P31 to the first 

RG. 28 shows a circuit diagram of the signal storage output terminal 434, the second storage circuit 440 stores the 

circuit 123 of the embodiment shown in FIG. 12. First, its voltage of the second detection signal P32 at the time when 
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the intermittent pulse signal P2 becomes "low" from "high" input terminal of the inverter circuit 460, the detection signal 

and continues outputting the voltage of the stored second is outputted from the storage signal output terminal 453 as 

detection signal P32 to the second output terminal 435, and it is. 

the third storage circuit 441 stores the voltage of the third Next, since the first intermittent pulse signal input termi- 
detection signal P33 at the time when the intermittent pulse 5 nal 452 becomes "low" and the second intermittent pulse 
signal P2 becomes "low" from "high" and continues out- signal input terminal 452 becomes "high" when the inter- 
putting the voltage of the stored third detection signal P33 to mittent pulse signal P2 has become "low" from "high" as 
the third output terminal 436. described above, the P-channel type MOS transistor 456 and 

Namely, by forming the signal storage circuit 123 shown the N-channel type MOS transistor 457 are turned off, and 

in FIG. 12 into the arrangement shown in FIG. 28, it is lO the P-channel type MOS transistor 458 and the N-channel 

possible to realize a signal storage circuit which outputs a type MOS transistor 459 are turned on, and a detection 

detection signal of the voUage detecting circuit 122 as a signal inputted from the detection signal input terminal 450 

storage signal as it is for a period when the voltage detecting is not inputted to the input terminal of the inverter circuit 

circuit performing an intermittent operation is operated, 460 and the last detection signal at the time when the 

namely, for a period when an intermittent pulse signal is 15 intermittent pulse signal is "high" is left as it has been 

"high", and stores a detection signal for a period when the inputted, and therefore the last detection signal at the time 

voltage detecting circuit is operated before a period when when the intermittent pulse signal is "high" continues being 

the voltage detecting circuit is not operated, for the period, outputted from the storage signal output terminal 453. 

namely, for a period when the intermittent pulse signal is Namely, by adopting such an arrangement as shown in 

"low**, and outputs the stored detection signal as a storage 20 29, it is possible to realize a storage circuit which 

signal. outputs a detection signal as a storage signal as it is when an 

FIG. 29 shows a circuit diagram of the first storage circuit intermittent pulse signal is "high", namely, when the voltage 

439, the second storage circuit 440 and the third storage detecting circuit operates and outputs the detection signal, 

circuit 441 as shown in FIG. 28. First, its connection state is and stores the last detection signal at the time when the 

described. A detection signal input terminal 450 for input- intermittent pulse signals is "high", when the intermittent 

ting a detection signal is coimected to the source of a pulse signal has become "low" from "high", namely, when 

P-channel type MOS transistor 456 and the drain of an the voltage detecting circuit has stopped and a detection 

N-channel type MOS transistor 457. signal has not been outputted, and continues outputting the 

A first intermittent pulse signal input terminal 451 to stored detection signal until the next intermittent pulse 

which an intermittent pulse signal P2 is inputted is con- signal becomes "high." 

nected to the gate of the N-channel type MOS transistor 457 in this embodiment, as described above, by making the 

and the gate of a P-channel type MOS transistor 458. signal storage circuit 123 shown in FIG. 12 into the arrange- 

A second intermittent pulse signal input terminal 452 to ment as shown in FIG. 29 by using a storage circuit formed 

which a signal obtained by inverting in phase the intermit- as shown in FIG. 28, it is possible to realize a signal storage 

tent pulse signal P2 is inputted is connected to the gate of the circuit which outputs a detection signal of the voltage 

P-channel type MOS transistor 456 and the gate of an detecting circuit 122 performing an intermittent operation 

N-channel type MOS transistor 459. shown in FIG. 12 when the voltage detecting circuit 122 is 

The drain of the P-channel type MOS transistor 456 is operated, and stores a detection signal before the voltage 

connected to the source of the N-channel type MOS tran- 4Q detecting circuit 122 has stopped, namely, a detection signal 

sistor 457, the source of the P-channel type MOS transistor at the time when the voltage detecting circuit 122 is in 

458, the source of the N-channel type MOS transistor 459, operation when the voltage detecting circuit 122 is stopped, 

and the input terminal of an inverter circuit 460, and the and outputs the stored detection signal until the voltage 

output terminal of the inverter circuit 460 is connected to the detecting circuit 122 operates at the next time, 

input terminal of an inverter circuit 461. 45 Moreover, the signal storage circuit of this embodiment 

The output terminal of the inverter circuit 461 is con- has a feature that a storage signal cannot be outputted even 

nected to the drain of the P-channel type MOS transistor in a state where a boosted voltage Vdd or the electromotive 

458, the source of the N-channel type MOS transistor 459, voltage Vp of a thermoelectric conversion device is low, by 

and a storage signal output terminal 453 for outputting a making a P-channel type MOS transistor have a P-type gate 

storage signal. 50 or making an N-channel type MOS transistor have an N-type 

A Vdd input terminal 454 for inputting a boosted voltage gate with regard to the respective MOS transistors forming 

Vdd is connected to the substrates of the P-channel type the signal storage circuit so as to suppress a leak current 

MOS transistors 456 and 458, and the power terminals of the even when the absolute value of its threshold voltage is 

inverter circuits 460 and 461, and a GND potential input lowered and thereby making the absolute value of the 

terminal 455 connected with an electrode at the lower 55 threshold voltage of each of the MOS transistors as low as 

potential side of the thermoelectric conversion device is possible (0.2 V or so), 
connected to the GND terminals of the inverter circuits 460 

and 461. Embodiment 15 

Next, its operation is described. First, since the first In this embodiment of the present invention, the circuit as 

intermittent pulse signal input terminal 451 is "high" and the 60 described in the embodiments 7, 8, 9 and 10 is used as the 

second intermittent pulse signal input terminal 452 is "low" booster circuit 12 of the electronic apparatus 10 as shown in 

when the intermittent pulse signal P2 is "high", the FIG. 2, the circuit as described in the embodiment 11 is used 

P-channel type MOS transistor 456 and the N-channel type as the oscillator circuit 13, and the thermoelectric conversion 

MOS transistor 457 are turned on, and the P-channel type devices 71 are used instead of the generator or the power 

MOS transistor 458 and the N-channel type MOS transistor 65 supply 11. The voltage of the thermoelectric conversion 

459 are turned off, and since a detection signal inputted from devices 71 sharply increases immediately after the tempera- 

tbe detection signal input terminal 450 is inputted to the ture difference is applied between the substrates of the 
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thermoelectric conversion devices 71, but the voltage drops 13 which drives the booster circuit 12. Therefore, the output 
after passing a peak, and saturates at a certain value. voltage of the generator or the power supply 11 is not 
Immediately after the temperature difiference is given required to be always kept at the minimum driving voltage 
between the substrates, since the given temperature differ- of the oscillator circuit or higher, so that the generator or the 
ence is applied to the thermoelectric conversion devices 71, 5 power supply 11 can be downsized. Downsizing of the 
a high voltage can be generated. As time elapses, however, generator or the power supply 11 leads to broad application 
the heat is propagated from the substrate 50 to the substrate to a portable apparatus. Also, once the output voltage of the 
51 through the P-type and N-type thermoelectric material generator or the power supply 11 exceeds the minimum 
elements 52 and 53, and the temperature difference between driving voltage of the oscillator circuit, the above-mentioned 
the substrates 50 and 51 is decreased. Accordingly, the oscillator circuit 4 starts operating, boosts the voltage, and 
generated voltage is also decreased. In the conventional drives the oscillator circuit 4 using the boosted power, 
booster circuit 92, if it is attempted to boost the voltage Therefore, it is possible to continuously drive the driving 
generated by the thermoelectric conversion devices 71, the circuit 42 of the electronic apparatus without the other 
generated voltage is low so that it is impossible to boost the power sources. Also, since the voltage not higher than the 
voltage by the loss in the switching elements at the initial minimum driving voltage of the oscillator circuit, which 
stage. By employing the booster circuit 12 according to the cannot be boosted in the conventional electronic apparatus, 
present invention, however, the output voltage of the ther- can be boosted, there is obtained an effect that the power 
moeleclric conversion devices 71 that are saturated can be efficiency of the whole system can be improved, 
boosted. In this embodiment, although the booster circuit 12 jhe electronic apparatus according to the present inven- 
as described in embodiments 7, 8, 9 and 10 is incorporated 20 tion is comprised of: the generator in which the voltage of 
into the electronic apparanis as shown in FIG. 2, when the power generated changes as time elapses or the power 
booster circuit 12 is incorporated also into the electronic supply 11 in which the voltage changes as time elapses; the 
apparatus 10 as shown in FIGS. 1, 3 and 4, the object of the booster circuit 12 for boosting the output voltage of the 
present invention will be attained more certainly. generator or the power supply U; the oscillator circuit 13 
As described above, the electronic apparatus according to 25 which drives the booster circuit 12; and the power source 30 
the present invention is comprised of: the generator in which provided independently of the generator or the power supply 
the voltage of power generated changes as time elapses or n. Therefore, the output voltage of the generator or the 
the power supply U in which the voltage changes as time power supply 11 is not required to be always kept at the 
elapses; the booster circuit 12 for boosting the output minimum driving voltage of the oscillator circuit or higher, 
voltage of the generator or the power supply 11; and the 30 Further, since the electronic apparatus 10 according to the 
oscillator circuit 13 which drives the booster circuit 12. present invention can continue operating even if the voltage 
Therefore, the output voltage of the generator or the power of the generator or the power supply 11 cannot exceed the 
supply 11 is not required to be always kept at the minimum minimum driving voltage of the oscillator circuit as time 
driving voltage of the oscillator circuit or higher, so that the elapses, the generator or the power supply 11 can be 
generator or the power supply 11 can be downsized. Down- 35 downsized. Downsizing of the generator or the power sup- 
sizing of the generator or the power supply 11 leads to broad ply 11 leads to broad application to a portable apparatus, 
application to a portable apparatus. Aiso, since the voltage Also, since the voltage not higher than the minimum driving 
not higher than the minimum driving voltage of the oscil- voltage of the oscillator circuit, which cannot be boosted in 
lator circuit, which cannot be boosted in the conventional the conventional electronic apparatus, can be boosted, there 
electronic apparatus, can be boosted, there is obtained an 40 is obtained an effect that the power efficiency of the whole 
effect that the power efficiency of the whole system can be system can be improved. 

improved. The electronic apparatus according to the present inven- 

The electronic apparatus according to the present inven- tion is comprised of: the generator in which the voltage of 

tion is comprised of: the generator in which the voltage of power generated changes as time elapses or the power 

power generated changes as time elapses or the power 45 supply 11 in which the voltage changes as time elapses; the 

supply 11 in which the voltage changes as time elapses; the booster circuit 12 for boosting the output voltage of the 

booster circuit 12 for boosting the output voltage of the generator or the power supply U; the oscillator circuit 13 

generator or the power supply 11; and the oscillator circuit which drives the booster circuit 12; and the power source 30 

13 which drives the booster circuit 12. Therefore, the output provided independently of the generator or the power supply 

voltage of the generator or the power supply 11 is not 50 11. Therefore, the output voltage of the generator or the 

required to be always kept at the minimum driving voltage power supply 11 is not required to be always kept at the 

of the oscillator circuit or higher. Once the voltage exceeds minimum driving voltage of the oscillator circuit or higher, 

the minimum driving voltage of the oscillator circuit, the Further, since the electronic apparatus 10 according to the 

booster circuit 12 can be driven, and therefore, the generator present invention can continue operating even if the voltage 

or the power supply 11 can be downsized. Downsizing of the 55 of the generator or the power supply 11 cannot exceed the 

generator or the power supply 11 leads to broad application minimum driving voltage of the oscillator circuit as time 

to a portable apparatus. Also, since the voltage not higher elapses, the generator or the power supply 11 can be 

than the minimum driving voltage of the oscillator circuit, downsized. Downsizing of the generator or the power sup- 

which cannot be boosted in the conventional electronic ply 11 leads to broad application to a portable apparatus, 

apparatus, can be boosted, there is obtained an effect that the 60 Also, once the output voltage of the power source 30 

power efficiency of the whole system can be improved. provided independently of the generator or the power supply 

The electronic apparatus according to the present inven- 11 exceeds the minimum driving voltage of the oscillator 

tion is comprised of: the generator in which the voltage of circuit, the above-mentioned oscillator circuit 13 starts 

power generated changes as time elapses or the power operating, boosts the voltage, and drives the oscillator circuit 

supply 11 in which the voltage changes as time elapses; the 65 13 using the boosted power. Therefore, it is possible to 

booster circuit 12 for boosting the output voltage of the continuously drive the driving circuit 42 of the electronic 

generator or the power supply 11; and the oscillator circuit apparatus without the other power sources. Further, since it 
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is not necessary for the power source 30 provided indepen- 
dently of the generator or the power supply 11 to always 
supply power to the oscillator circuit 13, the power source 
30 can be downsized. Also, since the voUage not higher than 
the minimum driving voltage of the oscillator circuit, which 5 
cannot be boosted in the conventional electronic apparatus, 
can be boosted, there is obtained an effect that the power 
efficiency of the whole system can be improved. 

The electronic apparatus according to the present inven- 
tion is comprised of: the generator in which the voltage of 10 
power generated changes as time elapses or the power 
supply 11 in which the voltage changes as time elapses; the 
booster circuit 12 for boosting the output voltage of the 
generator or the power supply 11; the oscillator circuit 13 
which drives the booster circuit 12; the Schottky diode 20 15 
for rectifying the power generated by the generator or the 
power supply and the power boosted by the booster circuit 
12; the control circuit 40 for dividing the power into the 
driving circuit 42 of the electronic apparams and the capaci- 
tor 41 or from the capacitor 41 to the driving circuit 42 of 20 
the electronic apparatus according to the value of the voltage 
boosted by the booster circuit 12; the capacitor 41 for 
accumulating the boosted power to supply the power to the 
driving circuit 42 of the electronic apparatus; and the driving 
circuit 42 of the electronic apparatus which operates using 25 
the power boosted by the booster circuit 12 or the power 
accumulated in the capacitor 41. Therefore, since the output 
voltage of the generator or the power supply 11 is not 
required to be always kept at the minimum driving voltage 
of the oscillator circuit or higher, the generator or the power 30 
supply 11 can be downsized. Downsizing of the generator or 
the power supply 11 leads to broad application to a portable 
apparatus. Also, once the output voltage of the generator or 
the power supply 11 exceeds the minimum driving voltage 
of the oscillator circuit, the above-mentioned oscillator 35 
circuit 13 starts operating, boosts the voltage, and drives the 
oscillator circuit 13 using the boosted power. Therefore, it is 
possible to continuously drive the driving circuit 42 of the 
electronic apparatus without the other power sources. 
Further, since the voltage not higher than the minimum 40 
driving voltage of the oscillator circuit, which cannot be 
boosted in the conventional electronic apparatus, can be 
boosted, there is obtained an effect that the power efficiency 
of the whole system can be improved. Also, when it is 
attempted to charge the capacitor 41 that is not charged, in 45 
the case of the generator or the power supply having a large 
internal resistance, the output vohage of the generator or the 
power supply 11 comes to drop so that a considerably long 
period of time is required for charging the capacitor 41. In 
the electronic apparatus 10 according to the present 50 
invention, however, the power after boosting operation is 
distributed to the capacitor 41 or the driving circuit 42 of the 
electronic apparatus according to the value of the voltage 
boosted by the booster circuit 12. Therefore, there is 
obtained such an effect that the power supplied by the s5 
generator or the power supply 11 can efficiently be con- 
sumed. 

The electronic apparatus according to the present inven- 
tion is comprised of: the thermoelectric conversion device 
71 in which P-type thermoelectric material elements 52 and 60 
N-type thermoelectric material elements 53 are sandwiched 
between two substrates and form the p-n junction through 
the electrically conductive materials 54 and 55 such as metal 
to be connected in series with one another; the booster 
circuit 12 for boosting the output voltage of the generator or 65 
the power supply 11; the oscillator circuit 13 which drives 
the booster circuit 12; the Schottky diode 20 for rectifying 
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the power generated by the generator or the power supply 
and the power boosted by the booster circuit 12; the control 
circuit 40 for dividing the power into the driving circuit 42 
of the electronic apparatus and the capacitor 41 or from the 
capacitor 41 to the driving circuit 42 of the electronic 
apparatus according to the value of the voltage boosted by 
the booster circuit 12; the capacitor 41 for accumulating the 
boosted power to supply the power to the driving circuit 42 
of the electronic apparatus; and the driving circuit 42 of the 
electronic apparatus which operates using the power boosted 
by the booster circmt 12 or the power accumulated in the 
capacitor 41. Therefore, in the case where the electronic 
apparatus 10 iscontinuotisly driven, since the output voltage 
of the thermoelectric conversion device 71 is not required to 
be always kept at the minimum driving voltage of the 
oscillator circuit or higher, the thermoelectric conversion 
device 71 can be downsized. Downsizing of the generator or 
the power supply 11 leads to broad application to a portable 
apparatus. Also, once the output voltage of the thermoelec- 
tric conversion device 71 exceeds the minimum driving 
voltage of the oscillator circuit, the above-mentioned oscil- 
lator circuit 13 starts operating, boosts the voltage, and 
drives the oscillator circuit 13 using the boosted power. 
Therefore, it is possible to continuously drive the driving 
circuit 42 of the electronic apparatus without the other 
power sources. Particularly, since the output voltage of the 
thermoelectric conversion device 71 at a time instant when 
a temperature difference generates is several times as large 
as the voltage in a constant state after time elapses, the 
thermoelectric conversion device 71 is suitable for the 
electronic apparatus 10 according to the present invention. 
Further, since the voltage not higher than the minimum 
driving voltage of the oscillator circuit, which cannot be 
boosted in the conventional electronic apparatus, can be 
boosted, there is obtained an effect that the power efficiency 
of the whole system can be improved. Also, when it is 
attempted to charge the capacitor 41 that is not charged, in 
the case of the generator or the power supply having a large 
internal resistance, the output voltage of the generator or the 
power supply U comes to drop so that a considerably long 
period of time is required for charging the capacitor 41. In 
the electronic apparatus 10 according to the present 
invention, however, the power after boosting operation is 
distributed to the capacitor 41 or the driving circuit 42 of the 
electronic apparatus according to the value of the voltage 
boosted by the booster circuit 12. Therefore, there is 
obtained such an effect that the power supplied by the 
thermoelectric conversion device 71 can efficiently be con- 
sumed. 

The electronic apparatus according to the present inven- 
tion is comprised of: the generator in which the voltage of 
power generated changes as time elapses or the power 
supply 11 in which the voltage changes as time elapses; the 
booster circuit 12 for boosting the output voltage of the 
generator or the power supply 11; the oscillator circuit 13 
which drives the booster circuit 12; the Schottky diode 20 
for rectifying the power generated by the generator or the 
power supply and the power boosted by the booster circuit 
12; the control circuit 40 for dividing the power into the 
watch movement 75 and the capacitor 41 or from the 
capacitor 41 to the watch movement 75 according to the 
value of the voltage boosted by the booster circuit 12; the 
capacitor 41 for accumulating the boosted power to supply 
the power to the watch movement 75; and the watch 
movement 75 including a time display tiinction, which 
operates using the power boosted by the booster circuit 12 
or the power accumulated in the capacitor 41. Therefore, 
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since the output voltage of the generator or the power supply the oscillator circuit 13 is provided, so that the voltage 

11 is not required to be always kept at the minimum driving detecting circuit 122 is intermittently driven by the inter- 

vollageofthe oscillator circuit or higher, the generator or the mittent pulse signal. Also, there is provided the signal 

power supply 11 can be downsized. Downsizing of the storage circuit 123 for outputting as a storage signal the 
generator or the power supply 11 leads to broad application 5 detection signal outputted from the voltage detecting circuit 

to a portable apparatus. Also, once the output voltage of the the boosting circuit 12 while the voltage detecting 

generator or the power supply 11 exceeds the minimum circuit 122 is operated, and for storing, while the volUge 

driving voltage of the oscillator circuit, the above-mentioned detectmg circuit 122 is not operated, the last detection signal 

oscillator circuit 13 starts operating, boosts the voltage, and ^ ° ^^^^^g^ ^^^^^^"^g <^^cmt 122 is 

drives the oscillator circuit 13 using the boosted power, lo ^^'^'^^^ °T ' ''^1"^^ 

c : ' LI » 1 J • *u ♦ u detection signal to the booster circuit until the voltage 

Therefore, a is possible to continuously drive the watch ^^^^^ ^22 is operated again. And the booster 

movement 75 without the other power sources. Further. ^^^^^ ^^^^ boosting factor ac^rding to the storage 

smce the voltage not higher than the mmimum driving ^-^^^^ ^^at the signal storage circuit 123 outputs. Such a 

voltage of the osciUatorarcmt, which cannot be boosted m structure makes it possible to reduce the current to be 
the conventional electronic apparatus, can be boosted, there 15 consumed in the voltage detecting circuit 122 and realize the 

is obtained an effect that the power efficiency of the whole booster system having a high boosting efficiency, 

system can be improved. Also, when it is attempted to What is claimed is: 

charge the capacitor 41 that is not charged, in the case of the ^ ^ electronic apparatus comprising: 

generator or the power supply having a large mternal ^ ^ producing an output power which 

resistance, the output voltage of the generator or the power 20 ^ . 

supply 11 comes to drop so that a considerably long period , ^ • r u *• * * u r .i_ 

/K ^ . • J f L • ♦/ A-t i a booster circuit for boosting an output voltage of the 

of tune is required for chargmg the capacitor 41. In the i j j • u f ^ . 7 u 

electronic apparatus 10 acco^ing to the present invention, P°^^[ ^^PPj^ and producing a boosted outpu voltage; 

however, the power after boosting operation is distributed to an oscUlator circuit for generatmg a periodic pulse signal 

the capacitor 41 or the watch movement 75 according to the 25 ^"^^°g ^^'^ ^^^^^^ 

value of the voltage boosted by the booster circuit 12. a load arcuit having a mimmum operating voltage higher 

Therefore, there is obtained such an effect that the power ^^^^n that of the oscillator circuit; 

supplied by the generator or the power supply 11 can wherein the load circuit is driven by the boosted output 

efficiently be consumed. voltage, and the oscillator circuit is driven by the output 

Further, according to the present invention, since 30 vohage of the power supply to start osciUation and is 

P-channel type MOS transistors and N-channel type MOS Aeieafter dnyen by the boosted output voltage of the 

transistors are suitably arranged to charge and discharge ^ twoster circuit. , . ^ , . 

capacitors in MOS transistors and boost the voltage, boost- 2. An electronic apparatus according to clam 1; fiirther 

ing efficiency is high and the boosting circuit capable of ':o°'Pr>smg a diode that connects m a forward direction an 
boosting a low voltage can be realized. 35 output of the power supply and an input of the oscil ator 

. cu-cuit, and mputs the output voltage of the power supply as 

Since the P-type gate is fonned m the P-channel type j^^- oscillator circuit. 

MOS transistor and the N-type gate is formed m the 3 ^ ^x^^,,^^^ apparatus according to claim 1; further 

N-channel type MOS transistor^ the absolute value of the comprising a second power supply, and a diode that connects 

threshold voltage of each MOS transistor can also be in a forward direction an output of the second power source 

reduced. Accordmgly, the boosting circuit capable of boost- ^„ ^^^^^ ^^u^^^, ^^^^^^ ^^^^ ^ ^^^p^^ 

mg a low voltage can be realized. ^^^^g^ ^j^^ ^^^^^ p^^^^ ^.^^g ^^^^^^ 

Also, the oscillator circuit 13 is provided, which is the oscillator circuit, 

capable of varying a frequency of the clock signal that is 4. An electronic apparaUis according to claim 1; further 

outputted according to the electromotive voltage of the comprising a capacitor, and a control circuit for switching an 

power source that generates power by an external energy, for output of the capacitor with the boosted output voltage of the 

example, the thermoelectric conversion device 120. And the booster circuit. 

booster circuit 12 boosts the electromotive voltage of the 5^ An electronic apparatus according to claim 1; wherein 

thermoelectric conversion device 120 by the clock signal the load circuit comprises a time display unit driven by the 

that the osciUator circuit 13 outputs. By employing such a boosted output voltage of the booster circuit, 

structure, the booster capable of converting the electromo- 5. An electronic apparatus according to claim 4; wherein 

tive voltage of the thermoelectric conversion device 120 into the load circuit comprises a time display unit connected to 

a boosting power without wasteful consumption can be an output of the control circuit. 

realized. 7 An electronic apparatus according to any one of claims 
Further, the voltage detecting circuit 122 for detecting the 55 1 to 6; wherein the power supply comprises a plurality of 
electromotive voltage of the thermoelectric conversion substrates, and a thermoelectric device comprising a plural- 
device and outputting the detection signal corresponding to ity of pairs of P-type thermoelectric material and an N-type 
the electromotive voltage is provided, and a boosting factor thermoelectric material which form a p-n juinction through 
of the booster circuit 12 is varied by the detection signal that an electrically conductive material connected in series with 
the voltage detecting circuit 122 outputs. Such a structure another. 

makes it possible to realize the booster system capable of 8. In a miniature electronic apparatus having an electric 

converting efficiently the electromotive voltage of the ther- load circuit and a boosting power supply for driving the load 

moelectric conversion device 120 into a boosting power circuit, the boosting power supply comprising: 

even if the electromotive voltage of the thermoelectric a power source for producing an output power which 

conversion device 120 is changed. 55 varies with time; 

The intermittent pulse generator circuit 121 for producing a voltage detecting circuit for detecting a voltage of the 

the intermittent pulse from the clock signal outputted from power source; and 
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a booster circuit having a boosting factor which is varied 
based on an output of the voltage detecting circuit. 

9. A miniature electronic apparatus comprising: 

a power source for producing an output power which 
varies with time; 5 

a voltage detecting circuit for detecting an output voltage 
of the power source; 

a booster circuit for boosting the output voUage of the 
power source and producing a boosted output voltage; 

a load circuit driven by the boosted output voltage; and lo 

an oscillator circuit for generating a clock signal for 
driving the booster circuit, the clock signal having a 
frequency which varies depending upon the detected 
output voltage of the power source. 

10. An electronic apparatus according to claim 8 or 9; 15 
comprising an intermittent pulse generator circuit for inter- 
mittently generating pulses for driving the voltage detecting 
circuit in an intermittent manner, and a storage circuit for 
storing an output signal of the voltage detecting circuit until 

a subsequent pulse is generated by the intermittent pulse 
generator circuit. 

11. An electronic apparatus comprising: an electronic 
load; a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the boosting 
circuit including a booster imit comprising an input terminal, 
an output terminal, a GND terminal, a capacitor, first 
through fourth switching elements each comprising a MOS 
transistor having a gate electrode and a first and a second 
electrode, wherein 

the input terminal is connected to the first electrode of the 3Q 
first switching element and the said electrode of the 
third switching element, the second electrode of the 
first switching element is connected to a second elec- 
trode of the capacitor and the second electrode of the 
second switching element, the first electrode of the 35 
second switching element is connected to the GND 
terminal, a first electrode of the capacitor is connected 
to the first electrode of the third switching element and 
the second electrode of the fourth switching element, 
and the first electrode of the fourth switching element 4Q 
is connected to the output terminal, wherein 

the booster unit is receptive of control signals at the gate 
electrodes of the respective elements so as to alter- 
nately repeat an operation of turning on the second 
switching element and the third switching element 45 
while the first and fourth switching elements are off and 
an operation of turning on the first switching element 
and the fourth switching element while the second and 
third switching elements are off, and outputs from the 
output terminal a boosted voltage obtained by boosting 50 
further positively a positive voltage inputted from the 
input terminal, and wherein 

each of the first to fourth switching elements of the 
booster unit comprises an N-channel type MOS tran- 
sistor in which the first electrode is a source electrode 55 
and the second electrode is a drain electrode and having 
a substrate electrode connected to the GND terminal. 

12. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 60 
circuit including a booster unit comprising an input terminal, 

an output terminal, a GND terminal, a capacitor, first 
through fourth switching elements each comprising a MOS 
transistor having a gate electrode and a first and a second 
electrode, wherein 65 
the input terminal is connected to the first electrode of the 
first switching element and the second electrode of the 



third switching element, the second electrode of the 
first switching element is connected to the second 
electrode of the capacitor and the second electrode of 
the second switching element, the first electrode of the 
second switching element is connected to the GND 
terminal, a first electrode of the capacitor is connected 
to the first electrode of the third switching element and 
the second electrode of the fourth switching element, 
the first electrode of the fourth switching element is 
connected to the output terminal, wherein 
the booster unit is receptive of control signals at the gate 
electrodes of the respective switching elements so as to 
alternately repeat an operation of turning on the second 
switching element and the third switching element 
while the first and fourth switching elements are off and 
an operation of turning on the first switching element 
and the fourth switching element while the second and 
third switching elements are off, and outputs from the 
output terminal a boosted voltage obtained by boosting 
further positively a positive voltage inputted from the 
input terminal, and wherein 
each of the first to third switching elements of the booster 
unit comprises an N-channel type MOS transistor in 
which the first electrode is a source electrode and the 
second electrode is a drain electrode and having a 
substrate electrode connected to the GND terminal, and 
the fourth switching element of the booster unit com- 
prises a P-channel type MOS transistor in which the 
first electrode is a source electrode and the second 
electrode is a drain electrode and having a substrate 
electrode connected to the source electrode. 
13. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising an input terminal, 
an output terminal, a GND terminal, a capacitor, first 
through fourth switching elements each comprising a MOS 
transistor having a gate electrode and a first and a second 
electrode, wherein 
the input terminal is connected to the first electrode of the 
first switching element and the second electrode of the 
third switching element, the second electrode of the 
first switching element is connected to a second elec- 
trode of the capacitor and the second electrode of the 
second switching element, the first electrode of the 
second switching element is connected to the GND 
terminal, a first electrode of the capacitor is connected 
to the first electrode of the third switching element and 
the second electrode of the fourth switching element, 
the first electrode of the fourth switching element is 
connected to the output terminal, wherein 
the booster unit is receptive of control signals at the gate 
electrodes of the respective switching elements so as to 
alternately repeat an operation of turning on the second 
switching element and the third switching element 
while the first and fourth switching elements are off and 
an operation of turning on the first switching element 
and the fourth switching element while the second and 
third switching elements are off, and outputs from the 
output terminal a boosted voltage obtained by boosting 
further positively a positive voltage inputted from the 
input terminal, and wherein 
each of the first, third, and fourth switching elements of 
the booster unit comprises a P-channel type MOS 
transistor in which the first electrode is a source elec- 
trode and the second electrode is a drain electrode and 
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having a substrate electrode connected to the source 
electrode, and the second switching element of the 
booster unit comprises an N-channel type MOS tran- 
sistor in which the first electrode is a source electrode 
and the second electrode is a drain electrode and having s 
a substrate electrode connected to the GND terminal. 

14. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising an input terminal, lO 
an output terminal, a GND terminal, a capacitor, first 
through fourth switching elements each comprising a MOS 
transistor having a gate electrode and a first and a second 
electrode, wherein 

the input terminal is connected to the first electrode of the 
first switching element, the second electrode of the first 
switching element is connected to a second electrode of 
the capacitor and the second electrode of the second 
switching element, the said first electrode of the second 
switching element is connected to the GND terminal, a 
first electrode of the capacitor is connected to the first 
electrode of the third switching element and the second 
electrode of the fourth switching element, and the first 
electrode of the fourth switching element is connected 
to the output terminal, wherein 25 

the booster unit is receptive of control signals at the gate 
electrodes of the respective switching elements so as to 
alternately repeat an operation of turning on the second 
switching element and the third switching element 
while the first switching element is off and an operation 
of turning on the first switching element while the 
second and third switching elements are off, and out- 
puts from the output terminal a boosted voltage 
obtained by boosting further positively a positive volt- 
age inputted from the input terminal, and wherein 

each of the first to third switching elements of the booster 
unit comprises an N-channel type MOS transistor in 
which the first electrode is a source electrode and the 
second electrode is a drain electrode and having a ^ 
substrate electrode connected to the GND terminal. 

15. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising an input terminal, 
an output terminal, a GND terminal, a capacitor, first 
through fourth switching elements each comprising a MOS 
transistor having a gate electrode and a first and a second 
electrode, wherein 

the input terminal is connected to the first electrode of the 50 
first switching element, the second electrode of the first 
switching element is connected to a second electrode of 
the capacitor and the second electrode of the second 
switching element, the first electrode of the second 
switching element is connected to the GND terminal, a 55 
first electrode of the capacitor is connected to the first 
electrode of the third switching element and the second 
electrode of the fourth switching element, and the first 
electrode of the fourth switching element is connected 
to the output terminal, wherein 60 

the booster unit is receptive of control signals at the gate 
electrodes of the respective switching elements so as to 
alternately repeat an operation of turning on the second 
switching element and the third switching element 
while the first switching element is off and an operation 65 
of turning on the first switching element while the 
second and third switching elements are off, and out- 
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puts from the output terminal a boosted voltage 
obtained by boosting further positively a positive volt- 
age inputted from the input terminal, and wherein 
the first switching element of the booster unit comprises 
a P-channel type MOS transistor in which the second 
electrode is a source electrode and the first electrode is 
a drain electrode and having a substrate electrode 
connected to the source electrode, and the second and 
third switching elements of the booster imit each com- 
prise an N-channel type MOS transistor in which the 
first electrode is a source electrode and the second 
electrode is a drain electrode and having a substrate 
electrode connected to the GND terminal. 

16. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising first and second 
input tenninals, an output terminal, a GND terminal, a 
capacitor, a plurality of switching elements each comprising 
a MOS transistor having a gate electrode and a first and a 
second electrode, wherein 

the first input terminal is connected to the first electrode 
of a first switching element, the second electrode of the 
first switching element is connected to a first electrode 
of the capacitor and the output terminal, a second 
electrode of the capacitor is connected to the second 
input terminal, wherein 

the booster unit is receptive of control signals at the gate 
electrodes of the respective switching elements so as to 
alternately repeat an operation of inputting a voltage 
below a predetermined value to the second input ter- 
minal while the switching element is on and an opera- 
tion of inputting a voltage above the predetermined 
value while the switching element is off, and outputs 
from the output terminal a boosted voltage obtained by 
boosting further positively a positive voltage inputted 
from the first input terminal each time a voltage above 
the predetermined value is inputted to the second input 
terminal, and wherein 

the respective switching elements of the booster unit each 
comprise an N-channel type MOS transistor in which 
the first electrode is a drain electrode and the second 
electrode is a source electrode and having a substrate 
electrode connected to the GND terminal. 

17. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising first and second 
input terminals, an output terminal, a GND terminal, a 
capacitor, a plurality of switching elements each comprising 
a MOS transistor having a gate electrode and a first and a 
second electrode, wherein 

the first input terminal is connected to the first electrode 
of the first switching element, the second electrode of 
the first switching element is connected to a first 
electrode of the capacitor and the output terminal, a 
second electrode of the capacitor is connected to the 
second input terminal, wherein 

the booster unit is respective of control signals at the gate 
electrodes of the respective switching elements so as to 
alternately repeat an operation of inputting a voltage 
below a predetermined value to the second input ter- 
minal while the switching element is on and an opera- 
tion of inputting a voltage above the predetermined 
value white the switching element is off, and outputs 
from the output terminal a boosted voltage obtained by 
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boosting further positively a positive voltage inputted 
from the first input terminal each lime a voltage above 
the predetermined value is inputted to the second input 
terminal, and wherein 
the respective switching elements of the booster unit each 5 
comprise a P-channel type MOS transistor in which the 
first electrode is a drain electrode and the second 
electrode is a source electrode and having a substrate 
electrode connected to the source electrode. 

18. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising an input terminal, 
an output terminal, a GND terminal, a capacitor, first 
through fourth switching elements each comprising a MOS 
transistor having a gate electrode and a first and a second 
electrode, wherein 

the input terminal is connected to the first electrode of the 
first switching element and the second electrode of the 
third switching element, the second electrode of the 
first switching element is connected to a second elec- 
trode of the capacitor and the second electrode of the 
second switching element, the first electrode of the 
second switching element is connected to the GND 
terminal, a first electrode of the capacitor is connected ^5 
to the first electrode of the third switching element and 
the second electrode of the fourth switching element, 
and the first electrode of the fourth switching element 
is connected to an output terminal, wherein 

the booster unit is receptive of control signals at the gate 3Q 
electrodes of the respective switching elements so as to 
alternately repeat an operation of turning on the second 
switching element and the third switching element 
while the fixst and fourth switching elements are off and 
an operation of turning on the first switching element 35 
and the fourth switching element while the second and 
third switching elements are off, and outputs from the 
output terminal a boosted voltage obtained by boosting 
further negatively a negative voltage inputted from the 
input terminal, and wherein 4Q 

each of the first to fourth switching elements of the 
booster unit comprises a P-channel type MOS transistor 
in which the first electrode is a source electrode and the 
second electrode is a drain electrode and having a 
substrate electrode connected to the GND terminal. 45 

19. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising an input terminal, 

an output terminal, a GND terminal, a capacitor, first 50 
through fourth switching elements each comprising a MOS 
transistor having a gate electrode and a first and a second 
electrode, wherein 

the input terminal is connected to the first electrode of the 
first switching element and the second electrode of the 55 
third switching element, the second electrode of the 
first switching element is connected to a second elec- 
trode of the capacitor and the second electrode of the 
second switching element, the first electrode of the 
second switching element is connected to the GND 60 
terminal, a first electrode of the capacitor is connected 
to the first electrode of the third switching element and 
the second electrode of the fourth switching element, 
the first electrode of the fourth switching element is 
connected to the output terminal, wherein 65 
the booster unit is receptive of control signals at the gate 
electrodes of the respective switching elements so as to 
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alternately repeat an operation of turning on the second 
switching element and the third switching element 
while the first and fourth switching elements are off and 
an operation of turning on the first switching element 
and the fourth switching element while the second and 
third switching elements are off, and outputs from the 
output terminal a boosted voltage obtained by boosting 
further negatively a negative voltage inputted from the 
input terminal, and wherein 
each of the first to third switching elements of the booster 
unit comprises a P-channel type MOS transistor in 
which the first electrode is a source electrode and the 
second electrode is a drain electrode and having a 
substrate electrode connected to the GND terminal, and 
the fourth switching element of the booster unit com- 
prises an N-channel type MOS transistor in which the 
first electrode is a source electrode and the second 
electrode is a drain electrode and having the substrate 
electrode connected to the source electrode. 

20, An electronic apparatus comprising: an electrode load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising an input terminal, 
an output terminal, a GND terminal, a capacitor, first 
through fourth switching elements each comprising a MOS 
transistor having a gate electrode and a first and a second 
electrode, wherein 

the input terminal is connected to the first electrode of the 
first switching element and the second electrode of the 
third switching element, the second electrode of the 
first switching element is connected to a second elec- 
trode of the capacitor and the second electrode of the 
second switching element, the first electrode of the 
second switching element is connected to the GND 
terminal, a first electrode of the capacitor is connected 
to the first electrode of the third switching element and 
the second electrode of the fourth switching element, 
and the first electrode of the fourth switching element 
is connected to the output terminal, wherein 

the booster unit is receptive of control signals at the gate 
electrodes of the respective switching elements so as to 
alternately repeat an operation of tmning on the second 
switching element and the third switching element 
while the first and fourth switching elements are off and 
an operation of turning on the first switching element 
and the fourth switching element while the second and 
third switching elements are off, and outputs from the 
output terminal a boosted voltage obtained by boosting 
further negatively a negative voltage inputted from the 
input terminal, and wherein 

each of the first, third, and fourth switching elements of 
the booster unit comprise an N-channel type MOS 
transistor in which the first electrode is a source elec- 
trode and the second electrode is a drain electrode and 
having a substrate electrode connected to the source 
electrode, and the second switching element of the 
booster unit comprises a P-chaimel type MOS transistor 
in which the first electrode is a source electrode and the 
second electrode is a drain electrode and having a 
substrate electrode connected to the GND terminal. 

21. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising an input terminal, 
an output terminal, a GND terminal, a capacitor, first 
through fourth switching elements each comprising a MOS 
transistor having a gate electrode and a first and a second 
electrode, wherein 
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the input terminal is connected to the first electrode of the 
first switching element, the second electrode of the first 
switching element is connected to a second electrode of 
the capacitor and the second electrode of the second 
switching element, the first electrode of the second 
switching element is connected to the GND terminal, a 
first electrode of the capacitor is connected to the first 
electrode of the third switching element and the second 
electrode of the fourth switching element, the first 
electrode of the fourth switching element is connected 
to the output terminal, wherein 

the booster unit is receptive of control signals at the gate 
electrodes of the respective switching elements so as to 
alternately repeat an operation of turning on the second 
switching element and the third switching element 
while the first switching element is off and an operation 
of turning on the first switching element while the 
second and third switching elements are off, and out- 
puts from the output terminal a boosted voltage 
obtained by boosting further negatively a negative 
voltage inputted from the input terminal, and wherein 

each of the first to third switching elements of the booster 
unit comprises a P-channcl type MOS transistor in 
which the first electrode is a source electrode and the 
second electrode is a drain electrode and having a 
substrate electrode connected to the GND terminal. 

22. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising an input terminal, 
an output terminal, a GND terminal, a capacitor, first 
through fourth switching elements each comprising a MOS 
transistor having a gate electrode and a first and a second 
electrode, wherein 

the input terminal is connected to the first electrode of the 
first switching element, the second electrode of the first 
switching element is connected to a second electrode of 
the capacitor and the second electrode of the second 
switching element, the first electrode of the second 
switching element is connected to the GND terminal, a 
first electrode of the capacitor is connected to the first 
electrode of the third switching element and the second 
electrode of the fourth switching element, the first 
electrode of the fourth switching element is connected 
to the output terminal, wherein 

the booster unit is receptive of control signals at the gate 
electrodes of the respective switching elements so as to 
alternately repeat an operation of turning on the second 
switching element and the third switching element 
while the first switching element is off and an operation 
of turning on the first switching element while the 
second and third switching elements are off, and out- 
puts from the output terminal a boosted voltage 
obtained by boosting further negatively a negative 
voltage inputted from the input terminal, and wherein 

the first switching element of the booster unit comprises 
an N-channel type MOS transistor in which the first 
electrode is a drain electrode and the second electrode 
is a source electrode and having a substrate electrode 
connected to said source electrode, and the second and 
third switching elements of said booster unit each 
comprise a P-channel type MOS transistor in which the 
first electrode is a source electrode and the second 
electrode is a drain electrode and having the substrate 
electrode connected to the GND terminal. 

23. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
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booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising first and second 
input terminals, an output terminal, a GND terminal, a 
capacitor, a plurality of switching elements each comprising 
5 a MOS transistor having a gate electrode and a first and a 
second electrode, wherein 

the first input terminal is connected to the first electrode 
of a first switching element, the second electrode of the 
first switching element is connected to a first electrode 
of the capacitor and the output terminal, a second 
electrode of the capacitor is connected to the second 
input terminal, wherein 
the booster unit is receptive of control signals at the gate 
electrodes of the respective switching elements so as to 
alternately repeat an operation of inputting a voltage 
above a predetermined level to the second input termi- 
nal while the switching element is on and an operation 
of inputting a voltage below the predetermined level 
while the switching element is off, and outputs from the 
2Q output terminal a boosted voltage obtained by boosting 
further negatively a negative voltage inputted from the 
first input terminal each time a voltage below the 
predetermined level is inputted to the second input 
terminal, and wherein 
25 the respective switching elements of the booster unit each 
comprise a P-channel type MOS transistor in which the 
first electrode is a source electrode and the second 
electrode is a drain electrode and having a substrate 
electrode connected to the GND terminal. 
3Q 24. An electronic apparatus comprising: an electric load; 
a power supply for producing an output voltage; and a 
booster circuit for boosting the output voltage, the booster 
circuit including a booster unit comprising first and second 
input terminals, an output terminal, a GND terminal, a 
33 capacitor, a plurality of switching elements each comprising 
a MOS transistor having a gate electrode and a first and a 
second electrode, wherein 

the first input terminal is connected to the first electrode 
of a first switching element, the second electrode of the 
40 first switching element is connected to a first electrode 
of the capacitor and the output terminal, a second 
electrode of the capacitor is connected to the second 
input terminal, wherein 
the booster unit is receptive of control signals at the gate 
45 electrodes of the respective switching elements so as to 
alternately repeat an operation of inputting a voltage 
above a predetermined value to the second input ter- 
minal while the switching element is on and an opera- 
tion of inputting a voltage below the predetermined 
50 value while the switching element is off, and outputs 
from the output terminal a boosted voltage obtained by 
boosting further negatively a negative voltage inputted 
from the first input terminal each time a voltage below 
the predetermined value is inputted to the second input 
55 terminal, and wherein 

the respective switching elements of the booster unit each 
comprise an N-channel type MOS transistor in which 
the first electrode is a drain electrode and the second 
electrode is a source electrode and having a substrate 
60 electrode connected to the source electrode. 

25. An electronic apparatus comprising a booster circuit 
according to any one of the claims 11 to 24; wherein the 
booster circuit includes at least one MOS transistor as a 
switching element in which a gate and a channel thereof 

65 have the same conductivity type. 

26. An electronic apparatus according to any one of 
claims 11 to 24; further comprising a thermoelectric device 
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for generating a ihermoeleclric power in response to a 
temperature difference; and an oscillator circuit for gener- 
ating a pulse signal for driving the booster circuit, wherein 
an output voltage of the booster circuit is supplied as a 
driving voltage of the oscillator circuit, and the output 5 
voltage of the power supply which is lower than a minimum 
driving voltage of said oscillator circuit is boosted to the 
minimum driving voltage of said oscillator circuit or higher. 

27. An electronic apparatus according lo any one of 
claims 11 to 24; further comprising a time display unit lO 
connected to an output of the booster circuit. 

28. A method of boosting an input voltage comprising the 
steps of: 

supplying an output voltage of a power supply to drive an 
oscillator; 
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driving a booster circuit with a clock pulse which is 
generated by the oscillator in response to the output 
voltage of the power supply; and 

supplying a boosted output voltage of the booster circuit 
to the oscillator, so that the oscillator is initially driven 
by the output voltage of the power supply to start 
oscillation and is thereafter driven by the boosted 
output voltage, whereby the output voltage of the 
power supply need not be maintained at a level at least 
as great as a minimum operating voltage of the oscil- 
lator in order to maintain operation of a device driven 
by the boosted voltage. 
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(57) ABSTRACT 

A regulating system (10) for a charge pump (12) employing 
a detection sub-circuit (28) and an enable sub-circuit (30) to 
operate an oscillator (26) and a channel-switching sub- 
circuit (32) in an automatic manner producing many of the 
advantages of previously unreconcilable skip mode and 
constant frequency mode type regulation. The detection 
sub-circuit (28) compares a feedback signal (52) from the 
output terminal (18) of the charge pump (12) to a reference 
signal (56) and produces an error signal (42) representative 
of output voltage deviation. Concurrently, the enable sub- 
circuit (30) compares a threshold signal (72) set for a 
minimum energy quanta which it is eflScient for the flying 
capacitor (24) of the charge pump (12) to transfer to the error 
signal (42) and produces an enable signal (38) to enable the 
oscillator (26). An oscillator signal (40) then controls 
switching within the channel-switching sub-circtiit (32) to 
set when the energy quanta are transferred and the error 
signal (42) further is used to control resistance in the charge 
path to the flying capacitor (24) to set the magnitude of the 
quanta. 

20 Claims, 5 Drawing Sheets 
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PULSE FREQUENCY OPERATION OF be limited to coverage of charge pumps which increase 

REGULATED CHARGE PUMPS voltage, i.e. step-up charge pumps. However, as skilled 

practitioners of the electronic arts should readily appreciate, 

TECHNICAL FIELD these principles are easily extended to other types of charge 

n,e present inventioo relates generaUy to electronic cir- ^ PW as well, such as voltage inverting and step-down 

cuils for conversion of direct current power, and more VtA i / • ^\ • i_i , j- r 

particularly to systems for regulating high-efficiency charge .^^^ empfeai rC^S^^L^^TeSt^^ v1^^^^^^^^^ 

pump circuits. MAX682 by Maxim Integrated Products of Sunnyvale, 

BACKGROUND ART lO ^^li^)- I°P^^ power is supplied across an input capacitor 

(C-IN) to appropriate terminals of the IC device. A flying 

Electronic circuits today often require power in one or capacitor (C-X) (often also called a transfer capacitor) is 

more speafic direct current (DC) voltage ranges. Supplymg connected to other IC terminals (CXP and CXN) to operate 

such, however, can pose a number of problems. If only one concert with the IC's internal components, discussed 

supply voltage is needed, it may not be of a value easily presenUy. Output power is then produced by the IC across an 

obtainable from available sources, like standard battery output capacitor (C-OUT). Other components may be 

cells. Source-requirements mating can therefore be one present for optional features. 

problem encountered, and source voltage conversion may ^ (prior art) is a functional block diagram of the IC 

thusbe desirable or necessary. Asource al«^ ^ p^^.^^^^ -^^^^^^^ ^^-^^^^^ ^^3^^ 

voltage which is consistently m a desired range. Batteries switches which control power flow to the terminals (CXP 

agam provide a good example. Battery voltage varies with ^XN) for the external flying capacitor, and control logic 

load, charge, temperature, etc. Such source voltage vanation ^^^^^ ^^^^^^^ 3. ^ ^^^^ 

therefore can also be a problem, and source voltage regu- control logic 

lation may thus also be desirable or necessary. Of course, ™^ 1 / • ^\ • ui 1 c 1 * ^ 

, , It. J J u FIG. 3 (pnor art) is a block diagram of an unregulated 

when multiple supply voltages are needed, such power u ^ ui • • 1 u t-u 1 

V vv 3 ^ J. , *^ 25 voltage doubler, i.e. a very simple charge pump. The oscil- 

source problems mcrease accordmgly. , , fr\^n\ ♦ ^ ■ j ♦u u \j j- u 

^ lator (OSC) is free runnmg and the charge and discharge 

For many electronic circuits it is particularly desirable to p^^hs to the flying capacitor (C-X) are merely switched (via 

use only one power source, and to increase, decrease, or 51 §2). ActuaUy, FIG. 3 depicts a simplistic switching 

invert the voltage from it, and to also regulate the power g^heme, and FIG. 4 depicts a more common case using four 

from it for aU needs. This is the case for portable electronic 3^ switches SI, S2, S3, and S4). The input capacitor (C-IN) and 

devices, such as cellular telephones, personal digital j^e output capacitor (C-OUT) respcctfuUy act as input and 

assistants, global position sensors etc. But even for non ^^^^^^ reservoirs, smoothing out flucmations as conversion 

portable devices this is often desirable, smce it permits proceeds (e.g., ripple). Unless the output is overloaded, the 

construction of circuits which are smaller, more reliable, ^^^^^^ ^o^^ge (V-OUT) from the circuit in HG. 3 is ahnost 

cheaper, etc. double the input voltage (V-IN). A voltage doubler is too 

Various power conversion and regulation systems cur- inflexible for use in most applications, and most charge 

rentlyexist.Ofpresent interest is the charge pump. It is one pumps today employ one of two common regulation 

of the most widely used such systems today. A charge pump schemes to permit adjustment of the output voltage to either 

is a capacitor and oscillator based circuit which converts a a value at initial circuit design or to one which a user can 

DC input to a DC output which is either higher, lower, or 40 pick by using appropriate components later. Modem IC 

alternately both, or inverted in voltage value.' Charge pumps based systems, such as that in FIG. 1, can often be config- 

can be regulated using a number of schemes, and they can ured to use either of these common regulation schemes, 

include options, such as extreme condition detection and pic. 5 (prior art) is a block diagram illustrating a skip 

circuit shut-down capability, which adds to their versatility ^ode charge pump regulation scheme being used to increase 

and commercial acceptance. 45 or "step-up" the voltage. Each cycle of the oscillator (OSC) 

On initial consideration, the charge pump seems to be a results in the output voltage (V-OUT) being increased as the 

perfect solution to many power conversion needs. But charge in the flying capacitor (C-X), which can be termed a 

unfortunately that is not the case. Contrary to a somewhat "quanta," is "stacked" onto the output capacitor (C-OUT). 

popular belief, charge pumps are not particularly efiBcient at The flying capacitor (C-X) is chosen to have a lower 

power conversion, and they are especiaUy not so when used 50 capacitance than the output capacitor (C-OUT) so that the 

for supplying varying loads. This can severely limit their use output voUage (V-OUT) is increased a small amount during 

with battery and other limited power sources where power each oscillator cycle. Regulation is accomplished in this 

must be used eflBciently. Further, even when power avail- scheme by enabling the oscillator with feedback from the 

abihty is not a concern, the use of charge pumps can be output (V-OUT). A sample is taken from resistors (Rl and 

limited because inefi5ciency is ultimately manifested as heat 55 R2) forming a voltage divider across the circuit's output, 

which must be dissipated. Still further, since charge pumps This sample from the feedback is compared to the voltage 

are inherently oscillator based systems, unacceptable "arti- from a reference (REF) with a comparator (COMP). When 

facts" such as output voltage ripple and electromagnetic the output voltage (V-OUT) is determined in this manner to 

radiation can be present from the conversion process they be below a desired value the oscillator operates the switches 

use. Charge pumps can be implemented using integrated 60 (SI and S2) to charge the flying capacitor (C-X) from the 

circuits (ICs), but the number, size, and types of external input with a new quanta during a first half-cycle and to 

components used may then be areas of concern. This is transfer that quanta to the output during the next half-cycle, 

particularly the case for capacitors used with charge pumps, When the output voltage (V-OUT) increases to the desired 

where any capacitance value and physical size reduction is level the oscillator (OSC) is turned off, i.e., dis-enabled. As 

usually highly desirable, 65 the output voltage drops, due to power use by the ultimate 

This discussion now turns to some specific charge pump load (not shown), the oscillator is re -enabled and additional 

examples. To avoid confusion, the following will generally quanta are transferred. 
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Skip mode regulation is simple but it has some disadvan- And another object of the invention is to provide charge 
tages. Voltage ripple in the output can be high, and this can pump regulation which produces low output voltage ripple, 
be very difficult to filter out because of the varying fre- Briefly, one preferred embodiment of the present inven- 
quency as the oscillator "skips." The values needed for the tion is a circuit for regulating a chaige pump. The charge 
external component can also be large, and for the capacitors 5 pump has an input, output, and common terminals and 
this particularly means that they may be more sizable aiid receives an input signal having an input voltage and pro- 
expensive than desired. For this mode of regulation the ratio duces an output signal having an output voltage. Included in 
for values between the flying capacitor and the output the charge pump are an input capacitor connected across the 
capacitor is typically about 1:20. The MAX682 component i^put and common terminals, an output capacitor connected 
provides an example. This widely used IC can step-up a 3.3 lO across the output and common terminals, and a flying 
volt input to a regulated 5.0 volt output for loads up to 250 capacitor having first and second sides. The inventive regu- 
milli amps (mA). Configured for skip mode, the output lating system for the charge pump includes an oscillator, a 
voltage ripple rating is 100 miUi volts (mV) and the recom- detection sub-circuit, a channel-switch sub-circuit, and an 
mended capacitor values are: 2.2 micro farads (uF) for the enable sub-circuit. When enabled by an enable signal, the 
input capacitor (C-IN), 1 uF for the flying capacitor (C-X), 15 oscillator produces an oscillator signal that alternates 
and 10 uF for a ceramic type output capacitor. In view of the between a first state and a second state. The detection 
large output capacitance needed, a tantalum type may be sub-circuit produces an error signal when the output voltage 
preferable, and then a 47 uF unit is recommended. is less than a desired output voltage. This error signal has a 

FIG. 6 (prior art) is a block diagram illustrating a voltage representative of how much the output voltage 
constant-frequency mode charge pump regulation scheme. 20 differs from said desired output voltage. In embodiments to 

Here the oscillator is allowed to firee nm, i.e., to run at a step up voltage, the channel-switch sub-circuit connects the 

constant frequency, and feedback from the output (V-OUT) first side of the flying capacitor to the common terminal 

is instead here used to control a variable resistance device when the oscillator signal is in its first state and connects to 

(N-CHANNEL) in the charge path of the flying capacitor the input terminal when the oscillator signal is in its second 
(C-X). Due to the resistance of this resistance device, the 25 state. The channel-switch sub-circuit further connects the 

flying capacitor is not able to fully charge within an oscil- second side of the flying capacitor to the input terminal when 

lator half-cycle, and thus the size of each quanta of power the osciUator signai is in its first state and to the output 

transferred is regulated. In actual practice the variable resis- terminal when the oscillator signal is in its second state, 

tance device is typically combined with the switches (SI and Alternate embodiments may employ alternate connection 
S2), using appropriate transistors to perform both functions. 30 arrangements to achieve step up voltage conversion or 

Constant frequency mode has a number of advantages voltage inversion, such switching arrangements for flying 
over skip mode regulation. Voltage ripple in the output is capacitors being essentially conventional. The channel- 
lower and, if necessary, it can be filtered out more easily switch sub-circuit further controllably sets resistance to the 
because it has a fixed frequency. The external component flying capacitor in response to the voltage in the error signal 
values can also be much smaUer. In constant frequency when the oscillator signal is in its first state. The enable 
mode the ratio of the flying capacitor to the output capacitor sub-circuit produces the enable signal when the error signal 
is typically only about 1:4. Continuing with the MAX682 as has voltage differing from said desired output voltage by a 
an example, when this IC is configured for constant fre- preset amount, for regulating the charge pump by enabling 
quency mode its rated output voltage ripple is only 80 mV the oscillator to operate the channel-switch sub-circuit to 
and the recommended capacitor values are: 1 uF for the ^ alternately charge the flying capacitor at a rate controlled by 
input capacitor (C-IN), 0.47 uF for the flying capacitor the resistance set by said channel-switch sub-circuit and to 
(C-X), and 2.2 uF for a ceramic output capacitor. discharge it via the output terminal into the output capacitor 

However, even constant frequency mode also has some charge pump, 

disadvantages. When an output load is small or non-existent An advantage of the present invention is that it provides 

the oscillator is still running, switching at a high, constant charge pump regulation having efficiency at light loads 

frequency and consimiing a substantial quiescent current. which is comparable to that of skip mode regulation, yet also 

The term "substantial" is, of course, relative. But for many provides efficiency at heavy loads which is comparable to 

applications any unnecessary use of current is a severe that of constant frequency mode regulation. Furthermore, 

disadvantage. Battery powered applications suffer the invention provides such regulation even while 

particularly, but even for line powered applications such automatically, dynamically adjusting to efficiently accom- 

energy waste is often undesirable. modate varying load. 

Accordingly, what is needed is a new scheme for regu- Another advantage of the invention is that it may be 

lating charge pumps, one which optimally combines the implemented with capacitors having relatively low values, 

advantages, but not the disadvantages, of existing skip mode which are accordingly physically smaller and cheaper, and 

and constant frequency mode regulation schemes. in some cases also may be of more preferable alternate 

DISCLOSURE OF INVENTION typ^- . .... 

And other advantages of the invention are that it provides 

Accordingly, it is an object of the present invention to regulation which produces low output voltage ripple and low 

provide charge pump regulation which is efficient at all radiation emission, thus minimizing any undesired effects of 

appropriate loads. such on associated loads or proximate other circuitry. 

Another object of the invention is to provide charge pump These and other objects and advantages of the present 

regulation which remains efficient as load is dynamically invention will become clear to those skilled in the art in view 

varied. of the description of the best presently known mode of 

Another object of the invention is to provide charge pump 65 carrying out the invention and the industrial applicability of 

regulation which employs components, particularly includ- the preferred embodiment as described herein and as iUus- 

ing capacitors, having small values. trated in the several figures of the drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS by a first resistor 46 which is series connected with a second 

TTie purposes and advantages of the present invention will ^ f " ^^^'^''ack node 50. This divider network 44 

be apparent from the following detailed description in « connert«i across the output terminal 18 and the common 

conjunction with the appended drawings in which: tcrmmal 16 of the chajge pump 12 For example, if the first 

i-.^ , / • • ui 1 J- c . ■ I 1 . J 5 resistor 46 is nominally 30 kilo ohms (kQ) and the second 

nG.l(pnorart)isabockdiagramofaty^^^^^^ resistor 48 is nominaUy 10 kQ, a quarter of the actual output 

charge pump circuit employing an mtegrated circuit which charge pump 12 I provided as a feedback 

IS a suitable candidate for use of the invention; ^^J^^ ^^^^ feedback node 50 A vohage reference 54 

HG. 2 (pnor art) is a functional block diagram of the further provided to supply a reference signal 56. A 1.23 

integrated circuit of FIG. 1; jq yQjj bandgap device may be used as the voltage reference 

FIG. 3 (prior art) is a block diagram of an unregulated 54. An error amplifier 58, say one providing a gain of 20x, 

voltage doubter; receives both the feedback signal 52 and the reference signal 

FIG. 4 (prior art) is a block diagram illustrating in more 56, as its inputs, and from them creates the error signal 42. 

detail a flying capacitor switching scheme more typically The enable sub-circuit 30 provides the enable signal 38 to 

used in implementations such as that of FIG. 3; 15 the oscillator 26. While one method of prior art charge pump 

FIG. 5 (prior art) is a block diagram illustrating a skip regulation (skip mode) does use enabled oscillation, as 

mode charge pump regulation scheme; contrasted with free running oscillation, and thus does 

FIG. 6 (prior art) is a block diagram illustrating a employ an enable signal, the circuitry used here and par- 
constant-frequency mode charge pump regulation scheme; ticularly when this enable signal 38 is actually produced are 

HG. 7 is a block diagram illustrating a preferred embodi- ^° key distinctions of the inventive regulating system 10 over 

ment of the present invention; V^^^ 

FIG. 8 is a block diagram illustrating an alternate enable 1° embodiment illustrated in FIG. 7, the enable 

sub-circuit for the embodiment of FIG. 7; and sub-circuit 30 includes a repHca branch 64 formed by a 

HG. 9 is a block diagram illustrating an alternate detec- ,5 "^^^^ ^^^^ connected with a replica device 68 

tion sub-circuit for the embodiment of FIG. 7. ^ ^^P^^^^ '^O- ^he rephca branch 64 is connected 

across the input termmal 14 and the common terminal 16, 

BEST MODE FOR CARRYING OUT THE and produces a threshold signal 72 from the replica node 70. 

INVENTION The "threshold" here is representative of the minimum 

A preferred embodiment of the present invention is a 3^ efficient energy quanta for operation of the charge pump 12. 
system for regulating a charge pump. As illustrated in the The nature and purpose of the threshold signal 72 produced 
various drawings herein, and particularly in the view of FIG. here are discussed further below. The "replica" here is a 
7, a form of this preferred embodiment of the invention is characteristic which we want to repUcate. Since the switch- 
depicted by the general reference character 10. ing sub-circuit 32 will typically employ transistors, the 

no. 7 is a block diagram iUustrating a preferred embodi- „ ^^V^"^ ^^^i^e 68 used here is a suitable diode connected 

ment of the inventive regulating system 10 in a charge pump ^«^vice for replicating junction characteristics in the switch- 

12. A suitable DC input voltage (V-IN) is appUed across an sub-circuit 32. RepUca transistors and diode connection 

input terminal 14 and a common terminal 16, and a regulated conventional arts, and general discussion of such is 

output voltage (V-OUT) is produced across an output ter- therefore not appropnate here. 

minal 18 and the common terminal 16. For use as an input ^ Those skilled in the electronics arts will readily appreciate 

reservoir an input capacitor 20 is connected across the input that it is the ratios of components which can be controlled 

terminal 14 and the common terminal 16, and for use as an precisely and which are therefore important; precise actual 

output reservoir an output capacitor 22 is connected across values are usually diflScult to obtain in integrated circuit 

the output terminal 18 and the common terminal 16. (The embodiments. Thus replica principles are useful and actual 

input capacitor 20 is theoretically optional, but in practice 45 values for components such as the first resistor 46 and the 

one is almost always used, and the circuit input always has second resistor 48 are not important, as contrasted to their 

some intrinsic capacitance, anyway.) For providing the ratio, which is. 

distinctive capability of a charge pump, a flying capacitor 24 In FIG. 7 the rephca device 68 is an n-channel MOSFET 

and an oscillator 26 are included. For controlUng and transistor with its gate directly connected to its source. An 

particularly regulating the charge pump 12 in the manner of 50 enable ampUfier 74, say one providing a lOOx gain, receives 

the invention a detection sub-circuit 28, an enable sub- both the error signal 42 and the threshold signal 72, and 

circuit 30, and a switching sub-circuit 32 are also provided. creates from these inputs the enable signal 38. Departing 

The osciUator 26 used is an enabled type, but otherwise from FIG. 7 briefly, FIG. 8 is a block diagram of an alternate 

may be essentially the same as typically used in prior art enable sub-circuit 30, depicting implementation in a physi- 

systems. The oscillator 26 requires an enable signal 38 and 55 cally simpler marmer. As can be seen in FIG. 8, the replica 

it produces an oscillator signal 40 which alternates between device and the enable amplifier may be combined in some 

two states at roughly a 50% duty cycle. implementations, particularly in integrated circuits, but FIG. 

The detection sub-circuit 28 provides an error signal 42 7 better conceptually depicts the key aspects of operation of 

which includes a characteristic that is representative of how the regulating system 10. 

much the desired output and the actual output voltage differ 60 The switching sub-circuit 32 performs two conciurent 

at the output terminal 18 of the charge pump 12. This is also functions. First, responsive to the osciUator signal 40, it 

much as in prior art charge pumps, and essentially similar switches the flying capacitor 24 alternately to the input 

components can be used. However, as will be discussed in terminal 14 and the output terminal 18 of the charge pump 

more detail, below, the error signal 42 produced by the 12. Second, responsive to the error signal 42, it controls the 

inventive regulating system 10 is used much differently. 65 series resistance of the charge path to the flying capacitor 24. 

In the embodiment illustrated in FIG. 7, the detection The first function, switching, is essentially the same as that 

sub-circuit 28 includes a voltage divider netwoiic 44 formed of oscillator switching sub-circuits used in all charge pumps, 
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see e.g., FIG. 3-5 (prior art). The second function, resistance 
control, is conceptually similar to what occurs in constant 
frequency mode regulation, see e.g., FIG. 5. However, the 
manner of controlling the charging rate of the flying capaci- 
tor 24 in the charge pmnp 12 is different here. This is also 
discussed further below. 

In the embodiment illustrated in FIG. 7, the switching 
sub-circuit 32 includes a first switch 78, a channel unit 80, 
and a second switch 82 (depicted to emphasize conceptual 
operation; as previously noted with respect to FIG. 4 (prior 
art) and as should be readily appreciated by those skilled in 
the electronic arts, various embodiments are possible based 
on particular characteristics of the materials used, e.g., 
integrated circuit semiconductor material or electrolytic 
capacitor nature). The oscillator signal 40 operates these 
components in switch-like manner, and the error signal 42 
further operates the channel unit 80 in a variable resistance- 
like manner. 

In such operation, when a heavy load (not shown) is 
connected across the output terminal 18 and the common 
terminal 16 of the charge pump 12 the inventive regulating 
system 10 performs much as prior art charge piunps do. The 
oscillator 26 is enabled and runs continuously to operate the 
first switch 78, the channel unit 80, and the second switch 82 
in the manner of switches. Conciurently, the error signal 42 
is present and due to the heavy load is of suflScient magni- 
tude that the channel unit 80 is directed to apply minimum 
resistance in the charging path to the flying capacitor 24. 
Accordingly, continuous, maximum sized quanta of energy 
are transferred from the input to the output of the charge 
pump 12. 

In contrast, when a light load is present at the output the 
inventive regulating system 10 operates the charge pump 12 
much differently. As the output load (I-OUT) gets smaller 
and smaller, say once the load is reduced (start up situations 
initially appear as a "heavy'' load), the output voltage 
(V-0U1) gets higher and higher. At some point in this 
scenario the error signal 42 becomes less than the threshold 
signal 72, and the enable amplifier 74 ceases producing the 
enable signal 38. The output voltage is then held without any 
charge being distributed to the output capacitor 22 until such 
time as the load on the output (or the very small current 
through the divider network 44) draws the output voltage 
down again. Eventually this happens and the error signal 42 
is once again produced. However, since the load is light the 
discrepancy between the actual and desired output voltages 
is initially quite small, and the error signal 42 initially has 
too small a magnitude to cause the enable signal 38 to 
immediately be produced, i.e., it is still less than the thresh- 
old signal 72. Thus the oscillator 26 is not quite yet enabled. 
But the continuing draw of the load on the reservoir in the 
output capacitor 22 at some point does soon cause the error 
signal 42 to exceed the threshold signal 72, and the enable 
signal 38 is then produced. The oscillator 26 then cycles 
once. But only once in this light load scenario, because the 
quanta transferred into the output capacitor 22 in this single 
cycle is enough to cause the output voltage to increase 
enough that the error signal 42 either again ceases or its 
magnitude drops again below that of the threshold signal 72. 
Thus the first function of the switching sub-circitit 32 has 
occurred. 

The second function of the switching sub-circuit 32 
occurs concurrently. During the single cycle noted above, 
the magnitude of the error signal 42 controls the channel unit 
80 such that the charge path to the flying capacitor 24 has a 
high resistance. Therefore the quanta transferred into the 
output capacitor 22 here is appropriately small. 
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The above process can be summarized by analogy to 
maintaining the level in a swimming pool when one has to 
carry water to the pool in a bucket. On some days evapo- 
ration will be high, i.e., high load, and a lot of water will 
need to be added. And on other days evaporation will be low, 
i.e., low load. Carrying whole buckets of water works well 
when there is high evaporation, and when there is low 
evaporation one can wait until a whole bucket is needed. 
This is skip mode regulation. Quiescent load is low, i.e., one 
has to make few trips to and from the water source. In 
contrast, one can constantly run back and forth between the 
pool and the water source, taking buckets fiill when the load 
is high and mere drops of water in the bucket when the load 
is light. This is constant frequency mode regulation. Quies- 
cent load is high, i.e., one is constantly making trips, 
regardless of whether much water is needed. What is needed 
is a more controlled approach, one adding sensing at the 
pool of when a predetermined, efficient minimum quanta of 
water is needed. 

Returning now to discussion of the inventive regulating 
system 10 for charge pimips, the voltage of the threshold 
signal 72 (FIG. 7) is ideally some threshold voltage plus a 
small voltage determined to be the right amount to set a 
pulse skipping threshold. While the replica network 64 
described above is the inventor's presently preferred 
approach to accomplish this, others means may be used. The 
goal is any mechanism that minimizes the amount of energy 
expended to transfer the flying capacitor eneigy over to the 
output. Techniques other than jiist the modulated resistance 
approach of FIG. 7 are therefore possible. 

FIG. 8 is a block diagram illustrating one suitable sub- 
stitute for the enable sub-circuit 30 of the embodiment in 
FIG. 7. As can be appreciated there, the enable amplifier 74 
of FIG. 7 can be eliminated by using a transistor 86 and an 
inverter 88. 

FIG. 9 is a block diagram illustrating one suitable sub- 
stitute for the detection subcircuit 28 of the embodiment in 
FIG. 7. Detecting when a voltage deviates from its desired 
value can be accomplished in many ways, and many sub- 
stitutes for the detection sub-circuit 28 are therefore pos- 
sible. 

In the Background Art section it was noted that charge 
pumps can convert input voltages to output voltages which 
are either higher, lower, alternately both, or inverted in 
voltage value. FIG. 7 depicts a "boost" embodiment, one 
which produces a higher output voltage. Once the principle 
of the inventive regulating system 10 is appreciated, it may 
be applied as well to "buck" embodiments (for producing a 
lower output voltage) and also to embodiments producing an 
inverted output voltage. Alternately producing boost or buck 
requires determining which is desired and then merely 
switching an appropriate embodiment accordingly. 

In addition to the above mentioned examples, various 
other modifications and alterations of the inventive regulat- 
ing system 10 may be made without departing from the 
invention. Accordingly, the above disclosure is not to be 
considered as limiting and the appended claims are to be 
interpreted as encompassing the true spirit and the entire 
scope of the invention. 

INDUSTRIAL APPLICABILITY 

The present regulating system 10 is well suited for 
application in a wide variety of charge pump applications. 
While the above discussion has focused on charge pumps 
suitable for stepping up an input voltage to a desired output 
voltage, the regulating system 10 may also be used for 
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Stepping down an input voltage, either to a voltage having 
the same polarity or to a voltage having inverted polarity. 

The regulating system 10 provides particular benefits over 
existing charge pump regulating schemes. It operates effi- 
ciently yet automatically across a range fi*om light to maxi- ^ 
mum loads. When supplying heavy and maximum loads, it 
has efficiency equal to that of conventional constant fre- 
quency mode regulation. Yet when supplying light loads, it 
operates with efficiency equal to conventional skip mode 
regulation. And unlike these conventional modes, which 
cannot be dynamically switched between during operation 
because external components must be changed, the present 
regulating system 10 automatically adapts to the load which 
is actually present. 

Furthermore, the regulating system 10 can employ more 
desirable electrical components. This is so with respect to 
the physical size, type, cost and yet other factors which 
motivate component selection. For example, to step-up a 3.3 
volt input to a 5.0 volt output with conventional skip mode 
regulation a charge pump would typically require a 2.2 uF 
input capacitor, a 1 uF flying capacitor, and a 10 uF ceramic 
type output capacitor (for which a 47 uF tantalum type might 
well have to be substituted). In contrast, achieving the same 
voltage conversion with conventional constant frequency ^5 
mode regulation typically would require only a 1 uF input 
capacitor, a 0.47 uF flying capacitor, and a 2.2 uF ceramic 
output capacitor (likely avoiding the expense and other 
problems associated with tantalum capacitors, such as volt- 
age ripple due to high equivalent series resistance). The 
smaller value components may also provide direct cost 
savings and indirect savings as well, such as use of less 
circuit board space. Obviously, using components sized for 
conventional constant frequency mode regulation is prefer- 
able. The inventive regulating system 10 can use such ^5 
components, yet not suffer from the performance limitations 
of the prior art regulation schemes. 

For the above, and other, reasons, it is expected that the 
regulating system 10 of the present invention will have 
widespread industrial applicability, and it is therefore 40 
expected that the commercial utility of the present invention 
will be extensive and long lasting. 

PULSE FREQUENCY OPERARON OF REGULATED 
CHARGE PUMPS Inventor: THURBER Jr., Charles R. 
Atty. ref.: MAX1P048 45 

THIS CORRESPONDENCE CHART IS FOR EASE OF 
UNDERSTANDING AND INFORMATIONAL PUR- 
POSES ONLY, AND DOES NOT FORM A PART OF THE 
FORMAL PATENT APPLICAHONS. 
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What is claimed is: 

1. A circuit for regulating a charge pump receiving an 
input signal aaoss an input terminal and a common terminal 
and producing an output signal across an output terminal and 
the common terminal, wherein the input signal has an input 
voltage and the output signal has an output voltage and the 
charge pump includes an input capacitor connected across 
the input terminal and the common terminal, and an output 
capacitor connected across the output terminal and the 
common terminal, and a flying capacitor having a first side 
and a second side, the circuit comprising: 

an oscillator which, when enabled by an enable signal, 
produces an oscillator signal that alternates between a 
first state and a second state; 

a detection sub-circuit producing an error signal when the 
output voltage deviates from a desired output voltage, 
wherein said error signal has voltage representative of 
how much the output voltage differs from said desired 
output voltage; 

a channel-switch sub-circuit suitable for connecting the 
flying capacitor across the common terminal and the 
input terminal when said oscillator signal is in said first 
state, and alternately connecting the flying capacitor 
across the common terminal and the output terminal 
when said oscillator signal is in said second state; 

said channel-switch sub-circuit further suitable for con- 
trollably setting resistance to the flying capacitor 
responsive to voltage in said error signal when said 
oscillator signal is in said first state; and 

an enable sub-circuit producing said enable signal when 
said error signal has voltage exceeding said desired 
output voltage by a preset amount, for regulating the 
charge pump by enabling said oscillator to operate said 
channel-switch sub-circuit to alternately charge the 
flying capacitor at a rate controlled by resistance set by 
said channel-switch sub-circuit from the input terminal 
and to discharge the flying capacitor via the output 
terminal into the output capacitor. 

2. The circuit of claim 1, wherein said detection sub- 
circuit includes: 

a reference unit suitable for producing a reference signal 
having said desired output voltage; and 

an error comparator suitable for producing said error 
signal when said output voltage differs from said 
desired output voltage. 

3. The circuit of claim 1, wherein said detection sub- 
circuit includes: 

a voltage divider connected across said output terminal 
and said commoD terminal, wherein said voltage 
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divider produces a feedback signal having voltage 
related to the output voltage; 
a reference unit suitable for producing a reference signal 
having voltage related to said desired output voltage; 
and 

an error comparator suitable for producing said error 
signal when a relationship between said feedback sig* 
nal and said reference signal indicates that the output 
voltage differs from said desired output voltage. 

4. The circuit of claim 1, wherein: 

said channel -switch sub-circuit connects the first side of 
the flying capacitor to the common terminal and the 
second side of the flying capacitor to the input terminal 
when said oscillator signal is in said first state; and 

said channel-switch sub-circuit alternately connects the 
first side of the flying capacitor to the input terminal 
and the second side of the flying capacitor to the output 
terminal when said oscillator signal is in said second 
state, to operate the charge pump such that the output 
voltage produced is of same polarity and of higher 
value than the input voltage received by the charge 
pump. 

5. The circuit of claim 1, wherein: 

said channel-switch sub-circuit connects the first side of 
the flying capacitor to the common terminal and the 
second side of the flying capacitor to the input terminal 
when said oscillator signal is in said first state; and 

said channel-switch sub-circuit alternately connects the 
first side of the flying capacitor to the output terminal 
and the second side of the flying capacitor to the 
common terminal when said oscillator signal is in said 
second state, to operate the charge pump such that the 
output voltage produced is of opposite polarity and of 
lower value than the input voltage received by the 
charge pump. 

6. The circuit of claim 1, wherein: 

the first side of the flying capacitor is connected to the 
common terminal; 

said channel-switch sub-circuit connects the second side 
of the flying capacitor to the input terminal when said 
oscillator signal is in said first state; and 

said channel-switch sub-circuit alternately connects the 
second side of the flying capacitor to the output termi- 
nal when said oscillator signal is in said second state, 
to operate the charge pump such that the output voltage 
produced is of same polarity and of lower value than 
the input voltage received by the charge pump. 

7. The regulated charge pump of claim 1, wherein said 
enable sub-circuit includes: 

a resistance series connected with a replica device at a 
node and together connected across the input terminal 
and the common terminal such that a threshold signal 
is produced at said node; and 

an enable comparator suitable for producing said enable 
signal when voltage in said error signal is greater than 
voltage in said threshold signal. 

8. The circuit of claim 5, wherein said replica unit is a 
diode connected device. 

9. The circuit of claim 6, wherein said diode connected 
device is a MOSFET transistor with gate and drain con- 
nected together. 

10. The circuit of claim 1, wherein said channel sub- 
circuit includes at least one n-channel MOSFET transistor. 

11. The circuit of claim 1, wherein said switch sub-circuit 
is a plurality of transistors operating in a double pole single 
throw manner. 
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12. A method for regulating a charge pump receiving an 
input signal having an input voltage and producing an output 
signal having an output voltage, wherein the charge pump is 
of the type having an input capacitor connected across an 

5 input terminal and a common terminal, an output capacitor 
connected across an output terminal and the common 
terminal, and a flying capacitor having a first side and a 
second side, the method comprising the steps of: 

(a) producing an error signal when the output voltage of 
10 the charge pump deviates from a desired output volt- 
age; 

(b) comparing said error signal with a desired enable 
threshold to produce an enable signal when said error 
signal exceeds said desired enable threshold; 

(c) enabling an oscillator, responsive to presence of said 
enable signal, to produce an oscillator signal alternating 
between a first state and a second state; 

(d) charging the flying capacitor from the input terminal 
of the charge pump when said oscillator signal is in said 
first state and discharging the flying capacitor into the 
output capacitor when said oscillator signal is in said 
second state; 

(e) setting a resistance, responsive to magnitude of said 
25 error signal, controlling at what rate the flying capacitor 

charges and discharges, thereby regulating the charge 
pump. 

13. The method of regulating of claim 12, wherein said 
step (a) includes: 

30 producing a feedback signal having voltage related to the 

output voltage; 
producing a reference signal having voltage related to said 

desired output voltage; and 
comparing said feedback signal to said reference signal, to 

produce said error signal when the output voltage is 

less than said desired output voltage. 

14. The method of regulating of claim 12, wherein said 
step (b) includes: 

producing a threshold signal having magnitude represen- 
^ tative of a minimum level for eflBcient operation of the 

charge pump; and 
comparing said threshold signal to said error signal, to 

produce said enable signal when said error signal 

exceeds said desired enable threshold. 

15. The method of regulating of claim 12, wherein said 
step (d) includes: 

switching connection of the first side of the flying capaci- 
tor to the common terminal and the second side of the 
5Q flying capacitor to the input terminal when said oscil- 
lator signal is in said first state, to charge the flying 
capacitor; and 

switching connection of the first side of the flying capaci- 
tor to the input terminal and the second side of the 

55 flying capacitor to the output terminal when said oscil- 
lator signal is in said second state, to discharge the 
flying capacitor such that the charge pump operates to 
produce the output voltage of same polarity and of 
higher value than the input voltage received by the 

60 charge pump. 

16. The method of regulating of claim 12, wherein said 
step (d) includes: 

switching connection of the first side of the flying capaci- 
tor to the common terminal and the second side of the 
65 flying capacitor to the input terminal when said oscil- 
lator signal is in said first state, to charge the flying 
capacitor; and 
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switching connection of the first side of the flying capaci- 
tor to the output terminal and the second side of the 
flying capacitor to the common terminal when said 
oscillator signal is in said second state, to discbarge the 
flying capacitor such that the charge pump operates to 
produce the output voltage of opposite polarity and of 
lower value than the input voltage received by the 
charge pump. 

17. The method of regulating of claim 12, wherein said 
step (d) includes: 

connecting the first side of the flying capacitor to the 

common terminal; 
switching connection of the second side of the flying 

capacitor to the input terminal when said oscillator 

signal is in said first state, to charge the flying capacitor; 

and 

switching connection of the second side of the flying 
capacitor to the output terminal when said oscillator 
signal is in said second state, to discharge the flying 
capacitor such that the charge pump operates to pro- 
duce the output voltage of same polarity and of lower 
value than the input voltage received by the charge 
pump. 

18. The method of regulating of claim 12, wherein said 
step (d) includes: 

determining whether the input voltage is lower or higher 

than said desired output voltage; 
if the input voltage is lower than said desired output 

voltage, then: 

switching connection of the first side of the flying 
capacitor to the common terminal and the second 
side of the flying capacitor to the input terminal 
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when said oscillator signal is in said first state, to 
charge the flying capacitor; and 

switching connection of the second side of the flying 
capacitor to the output terminal when said oscillator 
signal is in said second state, to discharge the flying 
capacitor such that the charge pump operates to 
produce the output voltage of same polarity and of 
lower value than the input voltage received by the 
charge pump; and 
if the input voltage is higher than said desired output 

voltage, then: 

switching connection of the first side of the flying 
capacitor to the common terminal and the second 
side of the flying capacitor to the input terminal 
when said oscillator signal is in said first state, to 
charge the flying capacitor; and 

switching connection of the first side of the flying 
capacitor to the input terminal and the second side of 
the flying capacitor to the output terminal when said 
oscillator signal is in said second state, to discharge 
the flying capacitor such that the charge pump oper- 
ates to produce the output voltage of same polarity 
and of higher value than the input voltage received 
by the charge pump. 

19. The method of regulating of claim 12, wherein said 
step (e) includes setting said resistance by controllably 
biasing at least one transistor to control charging current to 
the flying capacitor. 

20. The method of regulating of claim 19, wherein at least 
one said transistor is of an n-channel MOSFET type. 



liilMIUIHiiilllinii 

US006879502B2 

(12) United States Patent (lO) Patent No,: us 6,879,502 B2 

Yoshida ct al. (45) Date of Patent: Apr. 12, 2005 



(54) POWER SOURCE INVERTER CIRCUIT 

(75) Inventors: Yoshiftimi Yoshida, Chiba (JP); 

Fumiyasu Utsunomiya, Chiba (JP) 

(73) Assignee: Seiko Instruments Inc., Chiba (JP) 

( * ) Notice: Subject to any disclaimer, the term of this 
patent is extended or adjusted under 35 
U.S.C. 154(b) by 46 days. 

(21) Appl. No.: 10/460,618 

(22) Filed: Jun. 12, 2003 

(65) Prior Publication Data 

US 2004/0090806 Al May 13, 2004 
(30) Foreign Application Priority Data 
Jun. 13, 2002 (JP) 2002-172401 

(51) Int. CI.' H02M 3/07 

(52) U.S. CI 363/60; 363/62 

(58) Field of Search 323/222, 271, 

323/282, 285; 363/59, 60, 62 

(56) References Cited 

U.S. PATENT DOCUMENTS 
5,581,454 A ♦ 12/1996 Collins 363/59 



5,656,870 A ♦ 8/1997 TunibuU 307/64 

5,973,944 A ♦ 10/1999 Nork 363/60 

6^22,558 B2 * 2/2003 Henry 363/60 

* cited by examiner 

Primary Examiner— ieSx^y Sterrett 

(74) Attorney, Agent, or Firm—MsxDs & Wilks 

(57) ABSTRACT 

A power source inverter circuit is provided which, when a 
feeding unit generates enough electric power, puts a load 
circuit into operation while storing electric power in a 
storage unit and, when the power feeding unit stops gener- 
ating power, cflSciently uses up the electric power stored in 
the storage unit. The power source inverter circuit is com- 
posed of: a variable DC — DC converter for raising or 
dropping a voltage of electric power that is supplied from the 
power feeding unit; the storage unit; MOSFET switches for 
connecting the power feeding unit and the storage unit to an 
input of the variable DC — DC converter and for connecting 
an output of the variable DC — DC converter to the storage 
unit and the load circuit; a control circuit for controlling 
gales of the MOSFET switches; and a voltage detector for 
monitoring output of the power feeding unit, the voltage of 
the storage unit, the input voltage of the load circuit, and for 
outputting voltage information to the variable DC — ^DC 
converter as well as to the control circuit. 

5 Claims, 12 Drawing Sheets 



IP2 



<8 



11 



POWER 
FEEDING 
MEANS 



pi 



z 



VOLTAGE 
DETECTOR 



VARIABLE 

DC-DC 
CONVERTER 



CONTROL 
CIRCUIT 



P3 



~]P4 
10 



X 




U.S. Patent Apr. U, ms sheet 1 of 12 us 6,879,502 B2 




U.S. Patent 



Apr. 12, 2005 



Sheet 2 of 12 



US 6,879,502 B2 



FIG.2 




TIME 



U.S. Patent Apr. 12, 2005 Sheet 3 of 12 US 6,879^02 B2 



FIG.3A 




FIG.3B 



Vin 



Vout=2Vin 



X X X V Vln-^ 

PARALLEL MODE SERIES MODE 



U.S. Patent Apr. 12, 2005 Sheet 4 of 12 US 6,879,502 B2 



FIG.4A 




SERIES MODE 



PARALLEL MODE 



U.S. Patent Apr. 12, 2005 Sheet 5 of 12 US 6,879^02 B2 



FIG.5 

41 




44 



43 



45 




42 



r77 



FIG.6 



51 



52 




54 55 
^ 



r 



53 



U.S. Patent Apr. 12, 2005 sheet 6 of 12 US 6,879,502 B2 



Li. 



CD 



05 



CO, 
CO 



CO 






CO 



CO 



<o-| 



5 



n_r" 



m 



CO 




in 

CO 



CO 



CO 



CO 
CO 



CO O 



<o 



v.CM 
CO 



U.S. Patent Apr. 12, 2005 Sheet 7 of 12 



US <»,879,502 B2 




U.S. Patent Apr. 12, 2005 Sheet 8 of 12 US 6,879^02 B2 

FIG.9A 

m m 



FIG.9B 




(A) 30vnoA indino 



U.S. Patent 



Apr. 12, 2005 Sheet 11 of 12 



US 6,879,502 B2 



CNJ 
U. 




o 

(D 
LU 



(a) 30V110A indiflO 



U.S. Patent Apr. 12, 2005 Sheet 12 of 12 US 6,879,502 B2 




us 6,879^02 B2 

1 2 

POWER SOURCE INVERTER CIRCUIT Examples of the above-described meaos for feeding elec- 
tric power that changes its voltage with time include ther- 

BACKG ROUND OF TllE INVENTION moelectric conversion elements and solar panels for use in 

1 F- IH f th T I" portable electronic instnimenls that are relatively small in 

L Meia or me invenuon ^ p^^^^. consumption. For instance, thermoelectric conversion 

The present mvention relates to a power source inverter ^1,^^^ employ PN junction between a P type 

circuit, more specifically, a power source mverter circuit or ^^i^^^uctor and N type semiconductor to generate 

electronic mslniments driven by use of output of a solar , , . r r . j 

module or a ihermoeleclric conversion element in which f^'^'"' f«>«» ^ eleclromotive force created by a 

electric power generated is supplied to a load circuit with f^f"""* difference, change thetr electromotive forces 

efficien<^ and excess eleclric^er is stored in storage '° (^°"*g'> ^'^^P"^^'^ difference changes with lime. 

Q]g3Q3^ In such conventional power source inverter circuits, sup- 

2. Description of the Related Art P^^^^S ^^^^^ ^ constant voltage requires 

Cbnventional power source inverter circuits supply a load "^^Pf/^S 

^;,^.;t ««ti, ^u^f»-^ «f f^^Ai^» ^^e amount of elcctnc power taken out. The amount of 

circuit witn electric power ot power teeding means wnicn ic, . .i . , , . 

changes its voltage Jnd cutrenr with time or with a change P^^" 'T. u^l T 

in environment and have, as shown in FIG. 12. a DC-DC °^ ^^^"^^ P°*"^ 

- — 1 — . r *'f • 1 . ■ when the power feeding means is capable of eeneratmg and 

converter, a rectifier element for rectify mg electric power ll . • 

outpulted from the DC-DC converter, a voltage detector ^^^P^"^"^ more. This means that the excess electnc power 

fordetectingthe voltageof thestorage means, storage means ^oes to waste. In particular, power feedmg means such as a 

forstoringrectifiedelectricpower,and aloadcircuit. Insuch ^1^^°^^^!^ ^ thermoelectric conversion circuit is quick 

conventional power source inverter circuits where a load ^^^"8^ f ^"^P^* voltage in response to a change in 

circuit is supplied with electric power of a solar module, a ^""^^^^^^ thereby makmg it difficult to 

thermoelectric conversion circuit, or other similar power ?f ^^^^"^ ^ ^"^^^ ^^°"?.P^/ perfomiance. Accordingly 

feeding means which changes its voltage and current with it ^ecessary to take as much electnc power as possible out 

time or with a change i^ environment, operation of a of the Power feeding means wh^^le the power feedmg 

DC-DC converter is controlled by monitoriJig the voltage ^as high power generation abUity, namely when the amount 

with a voltage detector such that the DC-DC converter is ^^^ht is very large or when there is a heat source, 

put into operation when electric power suppUed from the '° addition, m power feedmg means that uses a natural 

power feeding means has a voltage equal to or higher than 30 e°«rgy source, such as a solar module or a thermoelectric 

the minimum operation voltage of the DC— DC converter conversion circuit, the relation between the output voltage 

and that the voltage of the storage means reaches a given ^tid the output current has a local maxunal value which 

output voltage. For instance, if the DC— DC converter is a ^'Jtials to the maximum power generation efficiency. Since 

switched capacitor type DC— DC converter, the output PO^«r feeding means that uses a nahiral energy source is 

voltage is kept constant by turning the DC— DC converter ^tnall in energy amount, it is desirable to take out electric 

on and off for intermittent operation. Po^er always with the maximum power generation effi- 

The electric power that has undergone voltage conversion ^.^^"^^^ ^^'^ inconvenience because, in conven- 

is rectified by a rectifier element such as a Schottky diode, tional power source inverter circuits where the amount of 

and then stored in the storage means through charging. At ^^^f P!>^" ^ P°^" ^^^^^^ 

this point, the electric power stored in the storage means is 40 f accordance with power consumption of the 

suppUed to the load circuit since the charging means and the ^^^^ ^^^^^^ P^!^^^ i! f^^^y ^^^^ 

load circuit are connected in paraUel to each other. The load maximum power generaUon efficiency and the excess power 

circuit is put into operation as the stored voUage of the ^ wasted. 

charging means reaches the minimum drive voltage of the Conventional power source inverter circuits, where the 

load circuit or higher. Accordingly, when the storage means 45 storage means and the load circuit are connected in parallel 

has large capacity, the voltage of the storage means is slow to the output of the rectifier element, have still another 

to rise and activation takes extremely long. Thus prior art inconvenience: the storage empty of electric charges induces 

requires, for continuous operation of the load circuit, effi- a voltage drop even when the output of the DC— DC 

cient charging of the storage means without exhausting the converter is equal to or higher than the operation voltage of 

storage means of electric power and without allowing the 50 the load circuit and it is not until some electric charges are 

voltage of the storage means to drop lower than the mini- stored in the storage means that the load circuit can start its 

mum drive voltage of the load circuit. operation. 

In addition, the step-up and step-down multiple numbers Furthermore, in conventional power source inverter cir- 

are fixed in conventional power source inverter circuits in cuits that use switched capacitor type DC — ^DC converters, 

the case of using switched capacitor type DC — ^DC convert- 55 the step-up multiple number or the step-down multiple 

ers as the DC — DC converters. In this case, charging cannot number is fixed and therefore electric power cannot be 

be conducted when there is a change in output voltage of the stored once the output voltage of the DC — DC converter 

power feeding means and either raising or lowering the becomes lower than the voltage of the storage means irre- 

voltage cannot help the output voltage of the DC — ^DC spective of power conversion performed on the output 

converter from dropping below the output of the storage 60 power of the power feeding means which changes its output 

means. voltage with time or with a change in environment. 

Furthermore, the load circuit, which operates on electric Yet another inconvenience is that the load circuit, which 

power stored in the storage means after output of the power operates on electric power stored in the storage means when 

feeding means becomes unavailable, stops its operation once the power feeding means no longer generates power which 

the voltage of the storage means drops below the minimum 65 changes its output voUage with time or with a change in 

operation voltage of the load circuit. At this point, there arc environment, stops its operation as the voltage of the storage 

still electric charges left in the storage means. means drops below the minimum operation voltage of the 
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load circuit. A mere voltage drop renders the load circuit 
inefifective even though there are enough electric power left 
in the storage means. Accordingly, the remaining electric 
power goes to waste. 

5 

SUMMARY OF THE INVENTION 

The present invention has been made in view of the 
above-mentioned inconveniences of prior art, and an object 
of the present invention is therefore to provide a power 
source inverter circuit which, when power feeding means 
generates enough electric power, puis a load circuit into 
operation while storing electric power in storage means and, 
when the power feeding means stops generating power, 
efBciently uses up the electric power stored in the storage 
means. 

In order to attain the above-mentioned object a power 
source inverter circuit according to the present invention 
includes: a variable DC — DC converter for raising or drop- 
ping a voltage of electric power which is supplied £rom 
power feeding means; storage means for storing electric 
power whose voltage has been raised or dropped by the 
variable DC— DC converter; a MOSFET switch for con- 
necting an output of the power feeding means to an input of 
the variable DC— DC converter; a MOSFET switch for 35 
connecting an output of the variable DC — ^DC converter to 
an input of the storage means; a MOSFET switch for 
connecting the output of the variable DC — DC converter to 
an input of a load circuit; a MOSFET switch for connecting 
the input of the variable DC — DC converter to the input of 
the storage means; a control circuit for controlling gates of 
the respective MOSFET switches; and a voltage detector for 
monitoring an output voltage of the power feeding means, a 
vohage of the storage means, and an input voltage of the 
load circuit, and for outpulting voltage information to the 
variable DC — DC converter and to the control circuit. 

According to the power source inverter circuit of the 
present invention, when the voltage detector detects that the 
power feeding means is generating and supplying electric 
power, the control circuit turns on the MOSFET switch that 40 
connects the output of the power feeding means and the 
input of the variable DC — DC converter to each other, so 
that the generated electric power is inputted to the variable 
DC — ^DC converter. The voltage detector further monitors 
the output voltage of the power feeding means and deter- 45 
mines the step-up multiple number and step -down multiple 
number of the DC — DC converter, which operates based on 
these multiple numbers. The control circuit next turns on the 
MOSFET switch that connects the output of the variable 
DC — DC converter and the input of the load circuit to each 50 
other, so that output of the variable DC — ^DC converter 
which has been raised or dropped in voltage is supplied to 
the load circuit. At this point, if the electric power supplied 
from the variable DC — ^DC converter is larger than the one 
used in the load circuit, the control circuit tuxns off the 55 
MOSFET switch that connects the output of the variable 
DC — DC converter and the input of the load circuit to each 
other whereas the MOSFET switch that connects the output 
of the variable DC — DC converter and the input of the 
storage means to each other is mmed on to supply the 50 
electric power to the storage means. The load circuit is thus 
supplied with elecUic power with a constant voltage. 

Moreover, elecu-ic power can always be taken out with the 
maximum power generation efficiency since the number of 
step-up and step-down stages of the variable DC — DC 65 
converter is determined by monitoring the output voltage of 
the power feeding means. Id addition, as much electric 
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power as possible is taken out of the power feeding means 
and stored in the storage means while the power feeding 
means has high power generation ability. 

Furthermore, the load circuit can immediately be put into 
operation as long as the output voltage of the variable 
DC — DC converter is equal to or higher than the minimum 
operation voltage of the load circuit even when no electric 
charges are in the storage means. ITiis is because the power 
source inverter circuit of the present invention has the 
MOSFET switch that connects the output of the variable 
DC — DC converter and the input of the storage means to 
each other and the MOSFET switch that connects the output 
of the variable DC — DC converter and the input of the load 
circuit to each other. 

When the power feeding means stops generating and 
supplying electric power, the voltage detector detects this 
fact and the control circuit turns off the MOSFET switch that 
connects the output of the power feeding means and the 
input of the variable DC — DC converter to each other 
whereas the MOSFET switch that connects the input of the 
variable DC — DC converter and the input of the storage 
means to each other is turned on to input electric charges 
stored in the storage means to the variable DC — DC con- 
verter. The voltage detector monitors the voltage of the 
storage means and determines the step-up multiple number 
and step-down multiple number of the DC — ^DC c*ODverter, 
which operates based on these multiple numbers. The con- 
trol circuit next turns on the MOSFET switch that connects 
the output of the variable DC — DC converter and the input 
of the load circuit to each other, so that output of the variable 
DC — DC converter which has been raised or dropped in 
voltage is supplied to the load circuit. At this point also, if 
the electric power supplied from the variable DC — ^DC 
converter is larger than the one used in the load circuit, the 
control circuit turns off the MOSFET switch that connects 
the output of the variable DC — DC converter and the input 
of the load circuit to each other, so that the load circuit is 
supplied with electric power with a constant voltage. In this 
way, an inconvenience of the load circuit being halted in its 
operation as the voltage of the storage means drops lower 
than the minimum operation voltage of the load circuit is 
eliminated and every bit of electric power stored in the 
storage means can be put into use. 

BRIEF DESCRIPTION OF THE DRAWINGS 
In the accompanying drawings: 

FIG. 1 is a block diagram showing an outline of the 
stmcture of a power soiu'cc inverter circuit according to an 
embodiment of the present invention; 

FIG. 2 is a graph showing a power generation output 
characteristic of a thermoelectric conversion element; 

FIGS. 3A and 3B are a schematic circuit diagram of a 
step-up switched capacitor type DC — DC converter accord- 
ing to a mode of the present invention and an operation 
schematic diagram thereof, respeaively; 

FIGS. 4A and 4B are a schematic circuit diagram of a 
step-down switched capacitor type DC — DC converter 
according to a mode of the present invention and an opera- 
tion schematic diagram thereof, respectively; 

FIG. 5 is a schematic circuit diagram of a step-up LC type 
DC — DC converter according to a mode of the present 
invention; 

FIG. 6 is a schematic circuit diagram of a step-down LC 
type DC — DC converter according to a mode of the present 
invention; 
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FIG. 7 is a schematic structural diagram of a variable duration depending on its environment including iight» beat, 

DC — DC converter according to a mode of tbe present and motion, and therefore requires a power source inverter 

invention; circuit which makes it possible to fully utilize tbe electric 

nC. 8 is a diagram showing an operation of the variable P^^^^ generated. A solar module and a small-sized rotor 

DC-DC converter according to a mode of the present 5 generator can output an ahnost constant vohage as long as 

invention- ^ change m mtensity of hght or m dynamic. On the 

' other hand, the output vohage of a thermoelectric conver- 

nOS. 9A and 9B are arcuit diagrams of a MOSFET ^i^^ element changes greatly even when the heat quantity is 

switch according to a mode of the present mvention; constant. The power source inverter circuit 1 of the present 

FIG. 10 is a graph showing an area effect of the MOSFET invention is particularly effective for such power feeding 

switch according to a mode of the present invention; means as a thermoelectric conversion element. 

FIG. 11 is a graph showing a step-up stage number In a thermoelectric conversion element, for example, a P 

switching operation of a variable DC — DC converter type thermoelectric material element and an N type thermo- 

according to a mode of the present invention; electric material element are sandwiched between two sub- 

FIG. 12 is a graph showing the duration of operation of a 15 strates and are joined on the substrates through a metal or 

load circuit in a case where a power source inverter circuit olher conductive substance forming a PN junction. The 

according to a mode of the present invention is used; and plural P type and N type elements are alternately coimected 

FIG. 13 is a diagram showing a conventional power N, P, N . ). When there is a temperature 

source inverter circuit difference between one PN junction and another PN junction 

20 thermoelectric conversion element, an electric poten- 

DETAILED DESCRIPTION OF THE difference (electromotive force) according to the tern- 

PREFERRED EMBODIMENT peratuxe difference is created. Therefore higher voltage is 

obtained by increasing the niunber of PN junctions. FIG. 2 

Referring to the accompanying drawings, a detailed shows a change with time of the voltage generated as a 

description will be given below on embodiments of a power temperature difference is created between the above two 

source inverter circuit according to the present invention. A substrates. The voltage abruptly rises immediately after a 

power source inverter circuit of this embodiment is for use temperature difference is created between the substrates of 

in a portable instrument having as power feeding means a the thermoelectric conversion element and then, past a 

solar module, a thermoelectric conversion element, or a certain peak, the voltage gradually drops until it reaches 

generator using a motor, which generates electric power 3Q saturation at a certain level. The initial abrupt voltage rise 

varying in voltage and amount depending on environment takes place because, immediately after the temperature dif- 

aod time, and aims at efficiently storing electric power ferenccis created between the substrates, the thermoelectric 

generated and consuming the elecU-ic power with efficiency. conversion element can generate a high voltage from the 

FIG. 1 is a block diagram showing an outline of a temperature difference. The subsequent voltage drop takes 
structure of a power source inverter circuit 1 according to 35 place because the heat of one of the substrates is transmitted 
this embodiment. The power soxirce inverter circuit 1 of the with time to the other substrate through the P type and N 
present invention is composed of: a variable DC — ^DC type thermoelectric material elements to thereby reduce the 
converter 2 for raising or dropping the voltage of electric temperature difference and resultantly reduce the voltage 
power which is supplied from power feeding means 11; a generated. For that reason, in a conventional thermoelectric 
capacitor 6 for storing electric power whose voltage has 40 conversion element, the output voltage is secured by con- 
been boosted or dropped by the variable DC — DC converter necting thermoelectric material elements in series in order to 
2; a MOSFCT switch (PI) 7 for connecting an output of the ensure that a load circuit continues to operate after the output 
power feeding means 11 of a solar module, a thermoelectric voltage reaches saturation, namely, past the voltage peak of 
conversion element, a generator that uses a motor, or the like the generated electric power in HG. 2. However, connecting 
to an input of the variable DC — DC converter 2; a MOSFET 45 elements in series leads to an increase in internal resistance 
switch (P3) 9 for connecting an output of the variable of the thermoelectric conversion element, making it difficult 
DC — DC converter 2 to an input of the capacitor 6; a to secure enough current. Moreover, increasing serial con- 
MOSFET switch (P4) 10 for connecting the output of the nection results in an increase in size of the thermoelectric 
variable DC — DC converter 2 to an input of a load circuit 5; conversion element, which causes a problem in that the 
a MOSFET switch (P2) 8 for connecting the input of the 50 thermoelectric conversion element is undesirable for por- 
variable DC — DC converter 2 to the capacitor 6; a control table terminals. In contrast, the power source inverter circuit 
circuit 4 for controlling the above four MOSFET switches; of the present invention can output a constant voltage to the 
and a voltage detector 3 for monitoring the output voltage of load circuit 5 because the circuit has the variable DC — ^DC 
the power feeding means U, the voltage of the capacitor 6, converter 2, which raises the voltage of electric power 
and the input voltage of the load circuit 5, and for outputting 55 generated by the power feeding means 11 when tbe voltage 
voltage information to the variable DC — DC converter 2 and becomes lower than the operation voltage of the load circuit 
to the control circuit 4. The effect the power source inverter 5. 

circuit of the present invention provides is greater particu- The variable DC — ^DC converter 2 is either a switdicd 
larly when its circuits arc configured using semiconductor capacitor type DC — DC converter which uses a capacitor, or 
devices that are formed on a semiconductor film formed 50 an LC type DC — ^DC converter which uses a coil, 
through an insulating film on a supporting substrate, namely. The switched capacitor type DC— DC converter deter- 
fully-depleted SOI devices. mines the step-up number or step-down number based on 
Tbe power feeding means 11 is a solar module, or a voltage detection information sent from the voltage detector 
thermoelectric conversion element, or a generator that uses 3, and outputs power after voltage conversion. The switched 
a small-sized rotor to convert a rotational energy into elecUic 65 capacitor type DC — DC converter can raise or drop the 
power. Such power feeding means is varied in voltage and voltage inputted by repeating parallel connection or serial 
amount of electric power generated or in power generation connection among capacitors or between capacitors and a 
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power supply. FIG. 3A shows a basic step-up circuit of the of the transistor 52 is turned on and off by PWM control or 

switched capacitor type DC — DC converter. FIG. 3B is a PFM control. The thus dropped voltage is applied to cause 

schematic diagram showing the operation thereof. Accord- a current flow between the source and the drain of the 

ing to the wire connection of the switched capacitor type transistor 42, which in turn causes a current flow into the 

DC— DC converter, an input terminal 21 is connected to 5 inductor44.Thereafter,thegateof the transistor 42 is turned 

drains of transistors 22 and 23 while a source of the off to cut the current flow between the source and the drain. 

transistor 22, one of terminals of a capacitor 24, and a drain causes electromagnetic inducUon and the dropped 

of a transistor 26 are connected to one another. The other voltage is outputted through the diode 43. PWM control or 

terminal of the capacitor 24 is connected to a source of the pp^ control is employed as a control method for mming on 

transistor 23 and to a drain of a transistor 25. Asource of the aj^j g^ie of the transistor 42. 

transistor 25 is grounded. A source of the transistor 26 is j u u j . mo rvo 

. , ^ r . • t r J . In the case where a switched capaator type DC — DC 

comiec ed to one oftennmals of a capacitor 27 and to an ^^.^^ 

^ . .' , , , ... , shown in FIG. 3A or FIG. 4A is combined with a bypass 

In raising the voltage, a voltage twice the mput voltage 15 transistor 63 to form a basic block (SC block) 62, and then 

can be obtained by connectmg the power supply and the • ^^^-^^^ ^ ^lock 62 is connected to an 

capacitors m paraUel to each other and then switching it to ^^^^^^ terminal 65 of another SC block 62 forming cascade 

serial connection between the capacitors and the power connection as shown in FIG. 7. 

supply. Although the description here deals with double ^, . , r.. . . • . . ^ ^ 

rr J o r Now, the Tole of the bypass transistor 63 is described. The 

boost using capacitors and a power supply, tnple or qua- 20 u . • ! » .^'"l'^' , ^"t T^u cl- 

-ui -r *L .'^'^•'c : ' bypass transistor connects the input terminal 64 of the SC 

druple boost is possible if the number of capacitors is uf 1 j u i- u * j j • 

J T* • 1 -ui * J *u • .1* u block 62 and a bypass line 61 between its source and dram, 

mcreased. It is also possible to drop the mput voltage by a . 1 . 1 r.u ♦ - . ^1 - . j. . t 

•» u ^ ' iTTi-. >iA jil *• *u • •* Agateelectrodeof the transistor 63 is connected to a control 

using a circuit shown m FIG. 4Aand by operatmg the arout • . • 1 j i_ 1.1 

11 « . J • jtn A A' * .1- circuit that IS placed mside the vanable DC — ^DC converter 

in a manner illustrated in FIG. 4B. Accordmg to the wire - - ^^rt. . . • ^ j , • 

. ^. . , • ■* r»u •* u J circuit. When the bypass transistor 63 is turned on, the input 

connection in the step-down circuit of the switched capacitor jc r t. li 1 • j L . 

T^i^ r\r^ . . » in- .J termmal 64 of the SC block 62 is connected to the bypass 

type DC — DC converter, an input terminal 31 IS connected . . . r . • r.i_ j- f 

, ,t ' r ^ -. MA ♦ -4 I'y ■ une 61 and output of the SC block 65 of the preceding Stage 

to a dram of a transistor 32. A source of the transistor 32 IS „ • . l i- ^n. c . • . . 

If -*-»>ij*j- flows into the bypass Ime. Inerefore, the current IS sent to 

connected to one of termmals of a capacitor 34 and to a drain , ui 1 ^4 * ^ . \ 1 • • .i_ 

f . * 11 n, * • 1 f 41, 'iA ■ SC block 62 of the subsequent stage skippmg the SC 

of a transistor 33. fhe other terminal of the capacitor 34 is jjiock 62 of this sta e o 

connected to a drain of a transistor 35 and to a drain of a 30 

transistor 36. A source of the transistor 35 is grounded. A « shows an example of the operation of the variable 

.source of the transistor 36 is connected to a source of the DC— DC converter when a switched capacitor type 

transistor 33, one of terminals of a capacitor 37, and an ^C-DC converter is employed. For instance, in order to 

output terminal 38. The other terminal of the capacitor 37 is ^^'P^^ ^^^^^S^ °f ^" ^"P'*' terminal 71 to an output 

grounded 35 ^^ro^iD^l ''^ as it is, bypass transistors (SI) 73 and (S3) 75 

Ihc LC type DC-DC converter outputs electric power '^"^^^ ^^P^ blocte 76 and 77. In order 

after performing voltage conversion thereon by changing ^J^^P^^ ^ voltage twice the voltage of the input termmal 71 

switching timing of Sternal transistors on the basil of ^V^' ""'"P"' ^^^"^ ^^^^ '""^ 

voltage detection information sent from the voltage detector %^yP?f, ""TT' ^^^^ ^^^^^u^T^^T l"" 

3. FIG. 5 is a diagram showing a basic step-up circuit of the 40 ^l^^^ ^'T""^ J^: ?T' n 

LC type DC-DC converter. An input terminal 41 is con- ^^'".^ voltage of the input terminal 71, all 

nected to one of terminals of an inductor 44. The other ^^P^,^ transistors are turned off to operate two stages of 

terminal of the inductor 44 is connected to a drain of a ^^^^^^ ^^^P'^P ^^^^ 

transistor 42 and to an anode of a diode 43. A source of the ^" 'he other hand, m the case where an LC type DC— DC 

transistor 42 is grounded. A cathode of the diode 43 is 45 converter is employed for the variable DC— DC converter 2, 

connected to an output terminal 45. A voltage is applied to variable output is obtained by connecting the input terminal 

a gate of the transistor 42 to cause a current flow between the variable DC— DC converter 2 to the input terminal 41 

source and the drain of the transistor 42, which in mm causes (^^) ^yP^ DC— DC converter shown in FIG. 5 

acunentflowintotheinductor44. Thereafter, a gate of the (^^- ^ connectmg the output termmal of the 

transistor 42 is turned off to cut the current flow between the 50 ^^^^^^^ DC— DC converter 2 to the output terminal 45 (55) 

source and the drain. This causes electromagnetic induction of the LC type DC— DC converter shown m HG. 5 (FIG. 6). 

and the boosted voltage is outputted through the diode 43. '^^'^ advantageous in terms of circuit scale because there 

PWM control or PFM control is employed as a control ^ °° cascade connection of plural blocks 

method for turning 00 and off the gate of the transistor 42. ^^^^ ^^e case where a switched capacitor type DC— DC 

The LC type DC— DC converter is advantageous in that it 55 converter is used for the variable DC— DC converter 2. 

can output an arbitrary voltage by changing the gate on/off The voltage detector 3 is for continuously monitoring the 

control frequency. On the other hand, the LC type DC— DC output voltage of the power feeding means 11, the voltage of 

converter is disadvantageous in that external parts such as an the capacitor 6, and the input voltage of the load circuit 5, 

inductor are needed and that the power conversion efficiency and for sending voltage detection information to the variable 

drops when the voltage output is low. 60 — converter 2 and to the control circuit 4. 

FIG. 6 is a diagram showing a basic step-down circuit of The control circuit 4 receives the infomiation from the 

the LC type DC — ^DC converter. An input terminal 41 is voltage detector 3 and controls switching of the MOSFET 

connected to a source of a transistor 52. A drain of the switches (PI) 7 to (P4) 10 that are connected between the 

transistor 52 is connected to one of terminals of an inductor blocks of the power feeding means 11, the variable DC — ^DC 

54 and to a cathode of a diode 53. An anode of the diode is 65 converter 2, the load circuit 5, and the capacitor 6. 

grounded. The other terminal of the inductor 54 is connected The transistors of the MOSFET switches (PI) 7 to (P4) 10 

to an output terminal 55. Similar to the step>up circuit, a gate connect the blocks to one another and conduct switching 
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Operation upon receiving control signals from the control variable DC — ^DC converter 2 and to the control circuit 4. 

circuit 4. Here, these transistors are desirably P type tran- Receiving the signals, the control circuit 4 Uims on the 

sistors. If they arc N type transistors, a gate voltage higher MOSFET switch (PI) 7 out of aU the MOSFET switches 

than a voltage inputted to a source is required in order to which have initially been off. This sends electric power to 

cause a current flow between the source and a drain and 5 variable DC— DC converter 2. The variable DC— DC 

therefore another high voltage is necessary to control a gate converter 2 starts, upon receiving the signals from the 

of each transistor. In contrast, P type transistore can be voltage detector circuit 3, power conversion for quadruple 

tumedonandoffbyusingtheoutputvolUgeofthevariable ^^^^l. ''f °"^PK^^^^cc^'''^•^T.^T^'°* ^Tu^ 

DC-DC converter 2 for a gate control signal and accord- ^J^'^"^! ^ ^^"^ the MOSFEl switch (P4) 10 on to send the 

ingly there is no need to generate a high voltage speciaUy for lO ^^^^ ^""^^^ f • D^n^g this, the voltage 

eate control o ip ^ ^ detector circuit 3 monitors the voltage of the load arcuit 5, 

^ ^-^oi^.-^ * 1. f ^ and in the case where the voltage exceeds the operation 

-nie MOSFET switches of the present invention exert ^^^^ ^^^^ ^ , jhe^^t^i 

even greater effects if fully-depleted SOI devices are used. 4^ ^^^^ MOSFET switch (P4) 10 off and 

In a bulk device, a substrate is usuaUy connected to a source MOSFET switch (P3) 9 on. This sends excess electric 

of a transistor and, if a MOStEl is used to buUd a switch 15 ^^^^ ^ ^ ^ ^^^^ ^ 

in which a current flows in two directions it is impossible ^^^^^ g ^ ^^^^^ ^^^^^ g alternately mming on 

to avoid countercurrent upon mversion of the source side and off the MOSFET switches (P3) 9 and (P4) 10, a constant 

voltage and the drain side voltage. For that reason, a bulk ^ ^^^^ 5 ^^^^^^ 

device prevents countercurrent by connectmg two transis- ^ ^^^^ capacitor 6. 

tors as shown in FIG. 9A. In contrast, a fiilly-depleled SOI kt - u .1. * * 1. r 1 . • 

. . , . L . J • \ - • Next, when the output voltage of the thermoelectnc 

device can operate while a substrate (body region) is in a % a *u • . *u j 1,1 u 

a * * J *i. <• u • • ui conversion circuit further rises past the double boost pomt 

floatmg state and therefore, as shown m FIG. 9B, is capable ^ . -.^ 1 . * 1. j 

r . . -.1. . • ; if 92, the voltage detector circuit 3 detects the voltage and 

of preventmg countercurrent with one transistor when a . . , , . . , ^ ° , 

, a ' ^ J *- • .u AJir\aT^-r » u scnds Signals to the variable DC — DC converter 2 and to the 

current flows m two directions in the MOSFET switch. . ^^ . a -ru • ui -1 * » 
Accordingly, the number of transistors can be reduced by 25 """^ol "fC"^' 4. THe variable DC-DC converter 2 starts, 

employini fulMepleted SOI devices for the MOSFET "P^" '^"'^"'S the signals from the voltage detector circu.i 

«u.^^klc Zf luJ^^L.^, i^,,,^t:^ 3, power conversion for double boost and outputs the 

switches 01 the present mvention. u . j » . .i. .• r u ../^ci-i^ 

boosted power. As to the operation of the MOShbT switch. 

If the threshold voltage is equal, a fully-depleted transis- i„ ^ ^iit^^^ ^i^^^ ,o that in the case of the above quadruple 

tor is lower in leak current than a bulk device by one digit. boost, the MOSFET switches (P3) 9 and (P4) 10 are 

Therefore, the threshold volUge can be lowered and the alternately nimed on and off, whereby a constant voltage is 

transistor size of the MOSFET switches and an output driver outputted to the load circuit 5 and eiKess electric power is 

can be reduced. FIG. 10 shows a chip area comparison 5,0^^ j^j ,|,e capacitor 6. 

between a power source inverter circuit of the present p^^^^ ^^^^ „f thermoelectric 

invention that IS configured usmg bulk devices and a power ^.^^^rsion circuit rises past the no boost point 91, the 

»uroe inverter arcuit of the present invenUon that .s con- ^^^^^^ ^^^.^ 3 

figured using My^epleted SO devices. He graph shows ^ ^^^^^le DC-DC converter 2 and to the 

thallheuseof My-depletedSOIdevicesgreatly re^^^^ 4 ^ ^^^^^j^ p^-DC converter 2 starts, 

areas of the MOSFET switches and of the output driver. • • »i. ■ i *u i. j . * • 

^ V. u ^ o iiv^u^o auu luv .juipui uiiv^.i. ^p^jj receiving the signals from the voltage detector arcuit 

The capacitor 6 has a function of storing electric power 3^ power conversion for Non boost and outputs the power. 

outputted from the variable DC— DC converter 2 and a The operations of the MOSFET switch (P3) 9 and (P4) 10 

function of supplying the input of the variable DC— DC aresimilar to those in the case of the above double boost and 

converter 2 with electric power when the power feeding quadruple boost. 

means 11 stops generating electric power. Thereafter, when the output voltage of the thermoelectric 
The load circuit 5 is an application circuit capable of 45 conversion circuit becomes lower than the no boost point 91, 

operating on very low electric power. Since the system using the variable DC — DC converter carries out power c»nver- 

the power source inverter circuit 1 of the present invention sion for double boost and outputs the boosted power. When 

can operate solely on electric power generated by natural the output voltage becomes lower than the double boost 

energy, the load circuit 5 is also designed to consume as little point 92, the variable DC — ^DC converter carries out power 
power as possible. One of techniques for limiting power 50 conversion for quadruple boost and outputs the boosted 

consumption as much as possible is a circuit technique that power. 

uses a fiiUy-depleted SOI device. Next, a description is Then, when the output voltage of the thermoelectric 

given on the operation of the power source inverter circuit conversion circuit becomes lower than the quadruple boost 

1 accordmg to the present invention. The description given point 93, the voltage detector circuit 3 delects the voltage 
here deals with the operation in the case where a thermo- 55 and sends signals to the variable DC— DC converter and to 

electric conversion element is used as the power feeding the control circuit 4. Receiving the signals, the control 

means 11, but the operation also applies to the case where circuit 4 nims the MOSFET switches (PI) 7, (P3) 9, and (P4) 

electric power is generated by other power feeding means 10 off and the MOSFET switch (P2) 8 on to send the electric 

such as a solar ceU or a spiral spring. In this example, it is power that has been stored in the capacitor 6 to the input of 
assumed that the variable DC— DC converter 2 uses a go the variable DC— DC converter 2. Receiving the voltage 

switched capacitor type DC— DC converter and that the information of the capacitor 6 from the voltage detector 

voltage is stepped up four times at maximum. circuit 3, the variable DC— DC converter 2 determines the 

A heat source is put on the thermoelectric conversion step-up multiple numl>er, conducts power conversion, and 

element, causing the output voltage to rise. As shov»rn in FIG. outputs the boosted power. At this point, the control circuit 
11, when the output voltage of the thermoelearic conversion 65 4 turns the MOSFET switch (P4) 10 on to send the electric 

circuit rises past the quadruple boost point, the voltage power to the load circuit 5. During this, the voltage detector 

detector circuit 3 detects the voltage and sends signals to the circuit 3 monitors the voltage of the load circuit 5, and in the 
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case where the voltage exceeds the operation voltage of the load circuit 5 continues to operate. The graph shows that the 
load circuit 5, sends a signal to the control circuit 4, which power source inverter circuit of the present invention can 
turns the MOSFET switch (P4) 10 off. This causes the hold the operation voltage 1.3 limes longer than the con- 
voltage of the load circuit 5 to start its descent and the ventional DC — DC converter of fixed multiplying factor if 
voltage detector circuit 3 sends a detection signal to the $ electric power generated is equal, 
control circuit 4 to turn the MOSFET switch (P4) 10 on once As has been described, according to the present invention, 
more. By alternately turning the MOSFET switch (P4) 10 on the power source inverter circuit is provided with: the 
and off, a constant voltage is supplied to the load circuit 5. variable DC — DC converter for raising or dropping the 

In a power source inverter circuit structured in a manner voltage of electric power which is supplied from the power 

similar to that of the present invention, it is more often than jq feeding means; the storage means for storing electric power 

not that a load circuit is continuously connected to a capaci- whose voltage has been raised or dropped by the variable 

lor. In this case, it takes time to store elecUic charges in the DC — DC converter; the MOSFET switch for connecting an 

capacitor after power feeding means begins to output elec- output of the power feeding means to an input of the variable 

trie power and send it to a variable DC-^DC converter. DC— DC converter; the MOSFET switch for connecting an 

Since the load circuit does not start its operation until output of the variable DC— DC converter to an input of the 

electric charges are stored in the capacitor, it is very inoon- storage means; the MOSFET switch for connecting the 

venient. Ihc power source inverter circuit of the present o^^P^^ ^^e vanable DC— DC converter to an input of a 

invention, on the other hand, has the MOSFET switches (P3) circuit; the MOSFET switch for connecting the input of 

9 and (P4) 10 between the variable DC— DC converter 2 and ^® variable DC— DC converter to the input of the storage 

the capacitor 6 and between the variable DC— DC converter 20 means; the control circuit for controlling gates of the MOS- 

2 and the load circuit 5, and the MOSFET svwtches (P3) 9 switches; and the voltage detector for monitoring the 

and (P4) 10 are switched between on and off in accordance ^^^P^^ vohage of the power feeding means, the voltage of 

with the voltage level of the load circuit 5. Therefore, the storage means, and the input voltage of the load circuit, 

power source inverter circuit of the present invention is outputling voltage information to the variable 

advantageous in that the load circuit 5 can be put into ,5 DC— DC converter and to the control circuit. Therefore, the 

operation as soon as the power feeding means 11 outputs P«=^°^ invention has an effect of outputting a constant 

electric power. voltage to the load circuit even when the output voltage of 

In the case where the power feeding means 11 is a natural means fluctuates, 
energy source, the amount of electric power outputted from ^^^^ P^^®^ feeding means is a namral energy source, 
the power feeding means 11 is greatly affected by a change 30 ^® relation between the output voltage and the current has 
in its surroundings. Accordingly, there is no assurance that ^ maximal value which is the maximum power gen- 
maximum electric power can be taken out when necessary. oration efficiency. In contrast to a conventional power source 
The present invention is characterized by a concept that as inverter circuit where the amount of electric power outputted 
much electric power as possible should be taken out and from power feeding means is determined in accordance with 
stored in the capacitor 6 while the power feeding means has 35 PO^^^ consumption of a load circuit, the power source 
high power generation ability inverter circuit of the present invention structured as above 

TTie relation between the output voltage of a natural can always take out electric power with the maximum power 

energy source and the current thereof has a local maximal generation efiBaency of a natural energy source and can 

value which leads to the maximum power generation effi- ^^^^^ ^^^^^ ^^^^^'^ P^^^^ ^° capacitor while consuming 

ciency. When a thermoelectric conversion element is 40 generated electric power in the load circuit, 

employed, the maximum power generation efficiency is Moreover, the present invention makes it possible to use 

obtained by taking out a current such that the output voluge every bit of electric power generated by the power 

equals to haff the open-circuit output voltage. In a conven- feeding means since excess electric power is stored in the 

tional power source inverter circuit where the amount of capacitor when more electric power than is needed by the 

electric power outputted from power feeding means is 45 ^^^^ ^^^"^^ ^ generated and outputted from the power 

determined in accordance with power consumption of a load deeding means so that the stored electnc power is used after 

circuit, electric power is not always taken out with maxi- Po^er feeding means stops outputling electric power, 

mum power generation eflSciency. In contrast, the power Unlike prior art where electric power stored in storage 

source inverter circuit of the present invention can set the means is directly connected to a load circuit, the power 

voltage conversion multiple number of the variable 50 source inverter circuit of the present invention returns elec- 

DC— DC converter 2 in accordance vnih the input volUge, ^ic power that has been stored in the storage means to the 

and in addition, can store excess electric power in the DC — DC converter for voltage conversion. The present 

capacitor 6 when more electric power than is needed by the invention thus makes it possible to use up electric power 

load circuit 5 is generated. The power source inverter circuit without wasting any. 

of the present invention thus can always take out electric 55 Another effect of the present invention is that the load 

power with the maximum power generation efficiency of a circuit can start its operation as soon as the power feeding 

natural energy source. means outputs electric power by placing the MOSFET 

The power source inverter circuit 1 of the present inven- switches between the output of the variable DC— DC con- 

tion thus makes it possible to use up every bit of electric verier and the load circuit and between the output of the 

power generated by the power feeding means 11 by varying 60 variable DC — ^DC converter and the storage means, 

the step-up and step-down multiple numbers of the DC — DC The variable DC — ^DC converter is composed of cascade 

converter and by returning electric power that has been connection of blocks each of which is a combination of a 

stored in the capacitor to the variable DC — DC converter 2 switched capacitor type DC— DC converter and a bypass 

to send it to the load circuit 5. FIG. 12 shows comparison u-ansistor. Accordingly, a higher power conversion efficiency 

between the power source inverter circuit of the present 65 is obtained in a low power consumption IC region, 

invention and a conventional power source inverter circuit Another effect of the present invention is that the number 

where the multiple number is fixed regarding how long the of transistors can be reduced by using fully-depleted SOI 
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devices for the MOSFET switches. This is because the use 
of fully-depleted SOI devices makes it possible to prevent 
countercurrent with one transistor as opposed to a usual bulk 
device where two transistors are connected in order to avoid 
countercurrent upon inversion of the source side voltage and 5 
the drain side voltage. 

The use of fully-depleted SOI transistors provides another 
eflfect that the transistor size of the MOSFET switches and 
the output driver can be reduced. This is because a fully- 
depleted SOI device is lower in leak current than a bulk 
device by one digit and the threshold voltage can be low- 
ered. 

no. 1 

POWER FEEDING MEANS 
VOLTAGE DETECTOR 
VARIABLE DC— DC CONVERTER 
CONTROL CIRCUIT 
LOAD CIRCUIT 

no. U 

NO BOOST 
DOUBLE BOOST 
QUADRUPLE BOOST 

THERMOELECTRIC CONVERSION ELEMENT OUT- 
PUT VOLTAGE 
NO BOOST POINT 
DOUBLE BOOST POINT 
QUADRUPLE BOOST POINT 
HG. U 

CONVENTIONAL DC— DC CONVERTER 
POWER SOURCE INVERTER CIRCUIT OF THE 
PRESENT INVENTION 
FIG. 13 

POWER FEEDING MEANS 
VOLTAGE DETECTOR 

DC— DC CONVERTER 
STORAGE MEANS 
LOAD CIRCUIT 
What is claimed is: 

1. A power source inverter circuit comprising: 
a variable DC— DC converter for raising or dropping a 45 fully-depleted SOI device, 
voltage of electric power which is supplied from power 

feeding means; * * 



storage means for storing electric power whose voltage 
has been raised or dropped by the variable DC — ^DC 
converter; 

a MOSFET switch for connecting an output of the power 
feeding means to an input of the variable DC — ^DC 
converter; 

a MOSFET switch for connecting an output of the vari- 
able DC — DC converter to an input of the storage 
means; 

a MOSFEl' switch for connecting the output of the 
variable DC — DC converter to an input of a load 

circuit; 

a MOSFET switch for connecting the input of the variable 
DC — ^DC converter to the input of the storage means; 
a control circuit for controlling gates of the MOSFET 
switches; and 

a voltage detector for monitoring an output voltage of the 
power feeding means, a voltage of the storage means, 
and an input voltage of the load circuit, and for out- 
putting voltage information to the variable DC — ^DC 
converter and to the control circuit. 

2. A power source inverter circuit according to claim 1, 
wherein the variable DC — ^DC converter is composed of a 
switched capacitor type DC — DC converter and a bypass 
transistor, the switched capacitor type DC — ^DC converter 
being constituted of four MOSFET transistors and two 
capacitors, and the bypass transistor having a source termi- 
ni connected to an input terminal of the switched capacitor 
type DC — ^DC converter and having a drain terminal con- 
nected to a bypass line. 

3. A power source inverter circuit according to claim 2, 
wherein the variable DC — DC converter has a plurality of 
blocks each including the switched capacitor DC — DC 
converter and the bypass transistor, the blocks being con- 
nected through a cascade connection. 

4. A power source inverter circuit according to claim 1, 
wherein the variable DC — DC converter is composed of a 
MOSFET transistor, an inductor, a capacitor, and a diode. 

5. A power source inverter circuit according to claim 1, 
wherein the MOSFET switches are each composed of a 
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[57] ABSTRACT 

A precharging circuit employing ordinary enhance- 
ment (E) types MIST*S produces erasing and writing 
(E-W) voltages to change the data stored in an EE^ 



PROM fabricated in a common memory chip with the- 
drcuit The E-W voltage increases gradually from a 
low level to a high level over a long time interval deter- 
mined substantially by a long time constant RC drcuit, 
the voltage charge developed on the capacitor C com- 
prising the E-W voltage. The resistor R is hnplemented. 
by a fust MIST connected between a high voltage 
source and the capacitor C, the gate thereof being con- 
troDed by a charge-pump (CP) circuit and a second 
MIST. The CP circuit is connected between the capaci- 
tor C and the gate of the first MIST and is rendered 
operative daring successive dock pulses of a series of 
dock pulses applied thereto. The CP circuit, during 
each dock interval, produces a voltage output dpplied 
to the first MIST which exceeds the threshold voltage 
Vth thereof, whereby the first MIST periodically is 
turned ON for conducting a charging current whidi 
flows into the capacitor C. The second MIST is con- 
nected between the gate of the first MIST and the ca- 
padtor C for suppressing the gate voltage of the first 
MIST thereby limiting the interval during which the 
charging current fiows therethrough, to a limited por- 
tion of each clock pulse interval. The intermittent 
charging current establishes a long time interval for 
diarging the capacitor C to a value substantially equal 
to the high voltage source. 
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E-W voltage usually are provided in a memory chip; 

HIGH VOLTAGE PRECHARGING CIRCUIT absent that provision, for example, if means external to 

the chip are employed, the processing speed of the 

BACKGROUND OF THE INVENTION . computer system ahnost invariably will be reduced. As 

1. Field of the Invention ' ^ spedfic example, if the CPU (central processing unit) 
The present invention relates to a precharging circuit ^ computer system is employed for this purpose, it 

fabricated in an IC (integrated circuit) chip or die, and, would be occupied for an extensive period in generating . 

more particulariy, to such a predbargiqg cirmiit whx^ lengthy time interval of the E*W voltage for chang- 

may be fabricated usmg conventional MIST devices '^B i° EEPROM, with the result that the 

and which is small in size, yet affords a long charging ^® overall processing speed of the computer system neces- 

. time interval. sarily would be significantly decreased. Conversely, if 

2. State of the Prior Art the time interval determining means is provided directly 
A precharging circuit having an extremely large time on the memory chip, the problem is pressented that a 

constant charging characteristic often is required in IC significant amount of space on the chip is required 

devices. A typical example of the use of such a circuit is 1^ therefor, contributing to increased fabricating costs for 

for generatmg an E-W (erasing and writing) voltage, the chip. 

which has a characteristic that it gradually rises in volt- . When an E-W voltage having the described, requisite 

age over a long time interval from a low level to a hi^ waveform is applied to the EEPROM, electrons or 

level, for example, 20-30 volts, in contrast to the ordi- . holes are injected into the EEPROM, functioning in 

nary power supply voltage of 5 volts for IC devices. 20 accordance with the well known tunneling phenome- 

The E-W voltage Is i»ed for changing the data stored.in non, for erasing or writing data therein; however, if the 

an EEPROM (electrically erasable programmable read e-W voltage were to increase rapidly to the high level, 

only memory) or a NOVRAM (nonvolatile random tono^ effect layer &bricated within the EEPROM 

access memoryX such as may be febric^ted in a common ^o^ij down. Thus, it is critical that the E-W 

memon^ chip with the precfeirging circuit TypicaUy. 25 ydtage waveform have a graduafly risihg leading edge, 

the E-W voltage is generated m response to a change ^ 3^^^ ^^^^ operations. Consistent therewitii, 

conlmand applied to the memoiy chip from a computer ^j^^ ^^j^^^ an EEPROM typicaUy must have 

'^'^ JSr^Jif AT^?' "'T'^ "^"^T^' ^ a waveform v^ch rises gradually froS, a low to a high 

p A^f .QP tSiS Am TJ"'. ^ . V) >«vel over a lengthy thne interv J. such as from 100 ^S 

RAM (SRAM) and an EEPROM, so that it operates as 30 ° ^ . li_ 1.. t. • 1 r 

a SRAM when the computer system is operating; how- f\ and then remams at tiie high level for an 

ever, the data in the SRAM is transferr^ to & EE- ^^5^^^ '^'^ '^\u^^^ i?"" ^ 
PROM and stored therein when the power supply for mS, both for the stored data and fOT 
the computer system is turned off. Since the NOVRAM ^ EEPROM. 

isaspecialtypeofEEPROMandsmcethepiecharging 35 Typically, a high voltage waveform generator is 
circuit of the present invention is equaUy appKcable employed to generate the E-W voltoge of the reqmsite 
thereto, for convenience, further reference herein shaU waveform mcludmg the gradual leadmg or nsmg edge, 
be limited solely to EEPROM devices, it being under- * circuit controls the long time interval, as is 

stood that such reference encompasses NOVRAM and required for erasing and writmg operations. Both the 
other similar such devices. 40 waveform generator and the timer circuit are fabricated 

EEPROM devices are used extensively in computer "^.^^ IC chip and have respectively associated there- 
systems, because the data stored therein can easily be a precharging circuit The typical precharging 
changed, particularly by comparison with other circuit comprises, essentially, an RC (resistor and ca- 
EPROM (erasable programmable read only memory) pacitor) circmt having a long time constant; moreover, 
devices. For example, whereas UV-EPROM (ultravio- 45 ^ timer circuit, the long time interval is determined 
let rays-controlled EPROM) devices as well have been time period from the initiation of the precharging 
employed extensively in computer systemsi they pres- operation to the completion thereof, at whidi the volt- 
ent certain moonveniences. Particularly, a UV-EPROM ^ level of the precharging node O-c, a circuit node at 
memory chip, or a board on which such a memory chip which the requisite predharging voltage is developed) 
is mounted, mnst be removed from the computer system 50 reaches a predetermined value. A high voltage source 
to permit irradiating same with ultraviolet rays for eras- establishes the predetermined value for the precharging 
ing the data stored therein when the data must be operation, in order to prolong the time interval, 
changed. By contrast, in an EEPROM device, the data FIG. l(fl) is a circuit schematic of a prior art pre- 
can easily be changed electrically, by a program previ- charging circuit. A depletion (D>type MIST (metal 
ously provided for that purpose, thus eliminating any 55 insulator semiconductor transistor) Tr functions as the 
need to remove the associate memory chip, or a board resistor (R) of the RC time constant charging circuit, 
on which the chip is mounted, from the computer sys- and is connected between a high voltage source \pp and 
tern. a capacitor C. A charging current flows firom the high 

EEPROM devices, however, present a different voltage source V;,^ through transistor T/i to the capaci- 
problem, namely that the E-W voltage must be applied 60 tor C, producing a precharging voltage V^ at the circuit 
to the EEPROM for a lengthy time interval, in the node, or connection, between transistor T;; and capad- 
range of from 100 micro-sec (itS) to 10 millHsec (mS^, tor C, which voltage V^ increases with time, as shown 
for changing the data thereiiL Such a time imerval is in FIG. 1(6). In particular, the precharging voltage V^ 
extraordinarily great, particularly in the conteact of the increases firom essentially zero volts (0 V) to a value 
nanosecond speeds of operation common in the com- 65 slightiy less than that of the high voltage source Vpp 
puter field today. Thus, it is difficult to provide such a over tiie time interval t=0 to t=t4. The voltage V„ 
long time interval, in a computer system. Moreover, the thereafter asymptotically ^preaches that of the high 
means for establishing the requisite time interval of the ' voltage source V^ over the time interval t=t4 to tsts. 
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For purposes oferastng data stored m an EEPROM, the ship between channel width (W) and channel length 

time interval t^O to l^U is approximately from 100 /iS (L). Particularly, as is well known, the current-voltage 

to 500 fiS; for the case of writing new data into an characteristic of a MIST (i.e., the characteristic rela- 

EEPROM, the time interval t=0 to t=t5 is S mS to 10 tionship between the source-drain current and the gate- 

mS. The specific time intervals employed for the re- 5 source voltage of the MIST) is such that the ratio of the 

spective erasing and writing operations, within the indi- source-drain current to the gate-source voltage is in 

cated ranges, are dependent upon the characteristics of proportion to the ratio W/L. Since the «ze CiCp area on 

the particular EEPROM. the chip) of a MIST depends mostiy on the required 

As before noted, a precharging circuit as shown in channel length (L). to maintain a given current-voltage 

FIG. l(fl) may be associated with each of a high voltage 10 characteristic, factors affecting the channel width (W) 

waveform generator and a timer circuit, which respec- correspondingly will affect the channel length (L) so as 

tiyely function as hereinbefore set forth. Each of the ^ maintain the required W/L ratio, and accordingly 

high voltage waveform generator and the timer circuit affect the required size of a MIST 

are triggered by the E-W <»^ signals applied exter- xhus, to minimize the size of the MIST, it is desirable 

nally to the EEPROM chip by the computer syston. 15 minimize the channel width (W)-i.e., to employ a 

Typi^ly, a high voltage m the range of 25 V (volts) is ^^amiel width (W). However, it is difficult to 

reqmred for genenmng the long tunc mterval m the RC ^^ami^ width (W) of a modified MIST to a 

circuit, and typicaUy is su^^^ a high vol^ge ^^^^ approximately 4 

source fabncatedm the ICchq, PartK:ul^^^^ Mm.Ingeneral.thisdif!iculty is presented m view of L 

voltage source comprises a clock osciUator and a 20 LL^«„, .^^^ J^^JL.^ r«u^^ 

cha^e-pumping drcitit, the clock oscillator generating J""?^ performed m fabricating a 

vtMue^" F«*«K*«e^"*'"*^» k»*,uiawi 5ciic*auii5 MIST. Particularly, a channel cut is formed around the 

a cloclang signal, or tran, compnsmg senes of clock ^ ^ 

pulses, the charge-pumpmg circuit fiincuomne under . . . ;. X-rvtn ^ .u _ j .L j ■ 7- 

S.e control of tte dock pukes to produce tke^^te (FOX) used as the source and the dran, of 

high voltage 25 MIST, to avoid producing parasitic transistors in 

^or aii prechargmg circuits of the type shown in ^J?^^' "^f ^*^"Jr i°»Pl"|ted. however, tend 

FIG. m however, pr^t problems as totiie fabrica- fo diffuse out beyond Ac clumnd*^^ 

tion of the capacitor C and the transistor T/?, with asso- portions of the chip, durmg thermal diffusion pro- 

ciated operational problems. Particularly, capacitor C ccMSteps. j * ^ • • r j*/- j 

must have a quite large value of capacitance, such as 30 problems attendant fabrication of a modified 

greater tiian 10 picofarad (pF) for obtaining a suffi- ^^T are more fuUy understood with reference to 

dentiy long time constant, such as in the range of from ^^^^ ^(6), FIG. Mp) compnsmg a cross-sec- 

10 fiS to 10 mS; further, since the dielectric material of ^" somewhat simplified schematic form, of 

the capacitor C is afforded by an insulating layer (typi- ^ modified MIST and FIG. 2(b) illustrating the 

cally silicon dioxide), the layer must be of substantial 35 corresponding threshold voltage Vu, characteristic, in 

thickness so as to withstand the high voltage to be de- relation to the configuration of the MIST and its chan- 

vdoped. As a result, the capacitor must be of substantial «^ width (W) as shown in FIG. 2(a), Particularly, the 

size, for example, from a minimum of lOOx 100 jim^ to modified MIST 10 of FIG. 2(a) comprises a gate elec- 

400x400 }un^ (jim=TmcTO meter). layer 12, and boron doped regions 13 

The transistor Tr as well presents problems in its 40 associated with the FOX layer 12. The channel width 
fabrication, in view of its operating characteristics in (W) of the MIST 10 schematically is illustrated to ex- 
relation to the conditions imposed by the RC precharg- between the boundaries between the portions of 
ing circuit, as illustrated in FIG. l(fl). Particularly, as ^ FOX 12 and the substrate underlying the gate elec- 
the precharge voltage V„ increase in amplitude, it im- The boron doped regions 13, however, over- 
poses an increasing level of back bias voltage on transis- 45 hiP peripheral portions of the channel width (W), 
tor Tit which functions to turn transistor Tr OFF (i.e., ' which overlapped portions are designated AW. The 
render it nonconducting), prior to the prechari^g volt- threshold voltage Vth of modified MIST 10 is higher in 
age Vn increasing to the level of the high voltage source overlapped portions AW of the channel width (W), 
Vpp, if transistor T/e is an ordinary depletion (D) type tiian in the central or nonoverlapped portions (W— 2 
transistor having an ordinary threshold voltage V^. 50 ^W). Stated alternatively, and with reference to the 
Accordingly, conventional D type MIST devices can- designations in FIG. 2(a), the combined overlapped 
not be used in a precharging circuit as shown in FIG. portions (2 AW) presents a high threshold voltage V,a 
1(c), since the precharging voltage Vn cannot increase relative to the nonoverlapped portion (W— 2AW) hav- 
to the requisite level approaching V^;^ thus, the re- ing the desired, low threshold voltage V^. FIG. 2ib) 
quired long time interval as well cannot be achieved. 55 illustrates the voltage threshold characteristic V,a in 

Accordingly, a modified transistor Tr must be em- relation to the channel width (W); as is readily seen 

ployed, known as a special D type MIST (or, also, as a therein, the threshold Vth increases in the regions corre- 

modified MIST), which has a very low threshold volt- spending to the overlapped portions AW. 

age V|A— meaning a threshold V,a of a large absolute. Thus, since the size of the overlapped portions, 2 AW, 

bat negative polarity, value. Such a modified MIST is 60 is a function of the required level of ion implantation 

very expensive, because its iSBbrication requires use of a represented by the boron doped regions 13, if the total 

spedal mask and ion unplantation processes, for isolat- width W is too narrow, the resulting threshold voltage 

ing it from other, conventional MIST*s which may be Via is too high. Particularly, the portion 2 AW having 

adjacent to it in a memory chip. Particularly, the ion the high threshold voltage Vth becomes superior to, or 

implantation is required for lowering the threshold 65 predominates, the central, nonoverlapped portion 

voltage Vth- (W~2 AW) having the low threshold voltage V,a, out 

The use of a modified MIST, moreover, presents of the total channel width (W). Thus, it is difficult to 

additional problems in view of the necessary relation- fabricate a modified MIST which has a low threshold 
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voltage Wtfh unless the channel width (W) is of substan- racy in the control of a long time interval produced 
tial width. thereby.; 

For the reasons above explained, therefore, the chan- Still another object of the present invention is to 
nel width (W) of a modified MIST cannot be made provide a precharging circuit having a circuit conilgu- 
narrow and as a result, to maintflin a required ratio W/L 5 ration and related physical implementation which af- 
to provide the requisite current-voltage characteristic, ford improved reliabihty in operation, 
the channel length (L) as well must be large. Typically, The precharging circuit of the present invention 
the channel length (L) of a modified MIST must be in comprises, as basic components, a charge-storing capac- 
the range of from 100 ;im to 1,000 fun, to achieve a time itor, a first MIS transistor (MIST 1) for precharging the 
constant greater than 100 fiS for the RC precharging 10 capacitor, a charge-pump circuit, and a voltage sup- 
circuit Thus, it has been impossible in the prior art to pressing means which, in cooperation with the charge- 
fabricate a capacitor C and a transistor Tr which are pump circuit, controls the gate voltage of the MIST 1. 
small in size said yet satisfy the requirements of a pre- The charge-pump circuit is driven by a series of clock 
charging circuit as in FIG. X{a) above discussed; in fact, pulses and generates a succession of incrementally 
it has been difficult to achieve a long time mterval, such IS higher voltage levels with reference to the voltage level 
as 10 mS» even where a transistor Tji has a channel developed at a precharging node to which the capacitor 
length as great as 100 fun and the capacitor C is of a is connected. Each such incrementally higher voltege 
aze, or area, as great as 400X400 /un^. level thus obtained is applied to the gate of the MIST 1 

llie channel length (L), moreover, presents yet an- to turn it on and thei^y causes a small precharging 
other problem imposing practical limitations on sue- 20 current to flow through the MIST 1 to the precharging 
cessfiil implementation of the prior art circuits. Particu- capacitor. During the precharging operation, the volt- 
larly, when the temperature of a memory chip in- age at the gate of the MIST 1 is mcreased along with the 
creases, as is typical in normal operation, a leakage increase of the precharging voltage as produced by the 
current which flows in a junction of the MIST corre- charge-pump circuit under control of the series of clock 
spondingly tends to increase. The leakage current must 25 pulses which is applied thereto, 
be compensated by causing a compensating current The voltage suppressing means preferably comprises 
flow through the channel of the MIST. However, an a second MIS transistor (MIST 2) having both its gate 
adequate compensating current cannot be made to flow and source connected to the gate of the MIST 1, and a 
when the channel length (L) is as great as 1,000 fun. As drain connected to the precharging node. Advanta- 
a result, to obtain the requiate long time interval, the 30 geously, both MIST 1 and MIST 2 are produced in a 
only possibility is to increase the capacitance of capad- common IC chip and thus have substantially the same 
tor C However, increasing the capacitance imposes the threshold voltage characteristic. In this configuration, 
necessary requirement of increasing the size of the ca- MIST 2 suppresses the voltage applied to the gate of 
pacitor C, and therefore the size of the memory chip. MIST 1 from the charge-pump circuit, so that the 
Thus, precharging circuits of the prior art present 35 charging current flows only during short time intervals 
serious problems in implementation, both as to cost and corresponding to the timing of the clodc pulses, 
as to size; moreover, such prior art precharging circuits Since the charge-pump circuit uses the precharging 
do not afford the high degree of reUabilxty in operation voltage developed on the precharging capadtor as a 
which is desired. source voltage, as each clock pulse is applied, the out- 

40 put voltage applied to the gate of MI^ 1 always ex- 
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ceeds the threshold voltage of MIST 1. Thus, MIST 1 



An object of the present invention, therefore, is to may comprise an ordinary or conventional enhance- 

provide a precharging circuit having a relatively slow ment type MIST, even as the level of the precharging 

charging rate characteristic with respect to its size. voltage undergoes a substantial increase, from a low 

A further object of the invention is to provide an 45 level to a high level over a long time interval. Since the 

improved precharging drcoit having a long charging chargmg current whtdi flows intermittently through 

time interval, for use in an erase-write voltage generator MIST 1 is limited to a small value, the precharging 

or a timing circuit, such as are employed to change the ' circuit can generate an erase-write voltage having a 

data of an EEPROM or an NOVRAM and which are long time interval, even though employing a precharge 

fabricated in a common memory chip therewith. 50 capacitor having a small capacitance value. 

A further object of the present invention is to provide Thus, in accordance with the present invention, the 

a precharging circuit for charging a capacitor to a rela- precharging circuit may afford a very long time interval 

tively high voltage, without employing a special deple- while using only a capacitor of small capacitance value 

tion type MIST. and ordinary enhancement MIS transistors Oc, MIST 1 

Yet another object of the present invention is to pro- 55 and MIST 2). Further, through association of the 

vide an improved precharging circuit which enables use charge-pump circuit with the precharging circuit, 

of a charging capacitor of conventional capacitance MIST 1 is effective for controlling the charging cur- 
value, but whidi affords a relatively slow charging rate rent, even though the MIST 1 is subjected to a substan- 

characteristic. tial reverse bias voltage. 

Still another object of the present invention is to 60 These and other (Ejects and advantages of the pres- 

provide a precharging circuit of decreased size, yet ent precharging circuit of the present mvention will 
which provides a relatively .slow chargiAg rate charao- become more apparent from the following detailed 

teristic. description, taken in conjunction with the accompany- 

Still a further object of die present invention is to ing drawings, to which reference is now made, 

provide an improved precharging drcuit of decreased 65 rvT.*,^«T«^^vT tn« a m^rr^T^o 

fabrication cost BRIEF DESCRIPTION OF THE DRAWINGS 

Still a further object of the present invention is to FIG. 1(a) is a circuit schematic of a prior art pre- 
provide a precharging circuit affording improved accu- charging circuit; 
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FIG. 1(b) is a plot of the increasing precharging volt- node Pi in the CP circuit FIG. 4(c) is a plot of the 

age level developed on a storage capacitor of the prior waveform of the output voltage Vp of the CP circuit, 

art precharging circuit of FIG. l(fl); produced at node P2. FIG. 4(d) is a plot of the precharg> 

FIG. 2(a) is a cross-sectional, simplified and sche- ing voltage produced at node P3, constituting the 

matte view of a MIS transistor, 5 output voltage of the precharging circuit of FIG. 3. 

FIG. 2(b) is an illustrative plot of the threshold volt- FIG. 4(e) is a plot of the waveform of the current ic 

age across the channel widdi (W) of the illustrative comprising the charging current which flows intermit- 

MIST of FIG. 2(fl); tently through the transistor Tjn for charging capacitor 

FIG. 3 is a circuit schematic of a precharging circuit Cl, in FIG. 3. Finally, FIG. 4(/) is a plot of the wave- 
in accordance with the present invention; 10 form of the source-drain current ip of the transistor T^2 

FIGS. 4(a) through 4(f) are plots of waveforms of of FIG. 3. 

dock pulses, voltages developed at specific nodes of the The precharging circuit of the invention, including 

circuit of FIG. 3, and of currents flowing within various the CP circuit, remains inoperative as long as data 

branches of the dicuit of FIG. 3 during operation; and stored in the associated EEPROM is not to be changed. 

FIG. 5 is a plot of the increase in level of the pre- is However, when the memory chip incorporating the 

chargmg voltage relative to time, as produced by the EEPROM and the precharging circuit of the invention 

prechargfaig drcuit of the invention in accordance with receives a command from its associated computer sys- 

the circuit schematic of FIG. 3. tem to change data stored therein, the clock pulse train, 

DETAILED DESCRIFnON OF THE ^ jl'iJlrl; ^Iri^^^?^ ' ^ t^""^ 

PREFERRED EMBODIMENT ^ uatates operation. The clock signal <() may be supplied 

FKirJ^tKKtu tMUOOiMtNT ^ conventional clock pulse oscillator which is fabri- 

FIG. 3 is a circuit schematic of a precharging circuit cated in the memory chip in accordance with well 
in accordance with the present invention, as may be known prior art techniques. 

fabricated in a memory chip which incorporates In the initial condition of the circuit of FIG. 3, the 
therein, as well, an EEPROM or a NO VRAM. As 25 voltage V^at node P2 is low, e.g., zero volts (0 V); as a 
before noted, since a NO VRAM incorporates the func- result, transistors Tr^ and Tji4 are cut off. With concur- 
tions of an EEPROM, reference hereinafter shall be rent reference to the waveforms of FIGS. 4(a) through 
limited to an EEPROM but shall be understood to in- 4(f), when a first clock pulse 4> of FIG. 4(a) is applied, 
dude and encompass a NOVRAM or other equivalent at time ti, the voltage Vcat node P] simultaneously rises, 
device implemented in a memory chip, as well. Consis- 30 as shown in FIG. 4(6), to a level approaching the ampli- 
tent with a significant object of this invention, transis- tude of the clock pulse — for example, V( may reach the 
tors Tr\ through Tra are conventional enhancement voltage level of -)-4.8 V for a clock pulse amplitude of 
(E) type N channel MIS transistors. +5 V. The ratio between the levd attained by voltage 

Transistor Tri and precharging capadtor Cl com- V^-and the clock pulse <^ amplitude is determined by the 
prise a long time constant RC circuit A charging cur- 35 ratio of the capadtance of capadtor Co to the stray 
rent ic flows from a high voltage source Vpp through capacitance Qi which exists at node Pi due to the gate 
transistor Tri to the precharging (i.e., charge storing) capacitance of transistor T/?3, for example. The result is 
capadtor Cj^ producing a precharging output voltage that transistors T/u and T/f4, respectively, are switched 
Vo at the precharging node P3. Node P3 comprises the ON and OFF, the ON transistor Tj?3 then conducting, 
common junction of transistor T/ii, capadtor Cl* and 40 or transferring, the charge on stray capadtance C51 to 
also the voltage output of the circuit; more particularly, stray capadtance C^y the latter existing at node P2 
the output voltage V^ developed at node P3 may com- because of the gate capacitance of transistors Tr\ and 
prise an erase- write (E-W) voltage. Tjji, for example. Likewise, beginning at time ti, the 

Components of the charge-pump (CP) circuit of FIG. voltage Vp at node P2 begins to increase, as shown in 
3 are endosed in a dotted line rectangle and indude a 45 FIG. 4(c), and correspondingly the voltage Vcat node 
couplmg capadtor Co, and transistors Tm and Tra Pi begins to decrease, as seen by comparison of FIGS, 
connected together at a common node Pi. Consistent 4(b) and 4(c). The rates of increase of voltage V^and of 
with conventional notation, a capacitor C51 connected decrease of the voltage V^are relatively slow because of 
by phantom lines between the node Pi and ground rep- the source-drain resistance of transistor Trs. 
resents stray capadtance which exists, for example, due 50 When voltage Vp increases to a level exceeding the 
to the gate capadtance of transistor Tr^. The CP circuit threshold voltage V^ of transistor Tr\, transistor Tr\ 
is connected between the precharging node P3 and turns ON and permits the charging current ic to flow 
through node P2 to the gate of transistor T/ji, the tran- from high voltage source Vp;,to the precharging capaci- 
sistors Trs and Tra bemg series connected at node Pi tor Cl. More particularly, with reference to FIGS. 4(c) 
therebetween. Further, a transistor Tr2 is connected at 55 through 4(f), the rising level of the voltage Vp is shown 
its source and gate to node P2and at its drain to node P3. to exceed the threshold voltage level Vth at time ti 1, 
The precharging voltage V^ developed at node P3 is whereupon the charging current ic begins to flow. The 
applied to the CP ctrcuit as a source voltage, and the resultant charging of the precharging capadtor Ct 
output voltage, V^, of the CP drcuit is applied to node correspondingly causes the voltage V^ at node P3 to 
P2- 60 increase, as seen in FIG. 4(<0. Transistor T/n, however, 

The Amotion of the CP circuit will be explained with suppresses the extent of, or limits, the increase in the 
reference to FIGS. 4(a) through 4(f) which show van- voltage V^. Particularly, when the levd of voltage V, 
ous waveforms of the timing pulses applied to, and the exceeds the threshold voltage V^ of transistor Tjn, 
resultant voltages and currents produced within, the transistor Tri turns ON, causing a source^rain current 
circuit of FIG. 3, Particularly, FIG. 4(a) is a waveform 65 ip to flow through transistor Tr2 to the precharging 
of a train of clock pulses 4> which is applied to the ca- capadtor Cl, as shown in FIG. 4(f). Correspondingly, 
padtor Co of the CP circuit as seen in FIG. 3. HG. 4(b) as the current ip flows, the voltage V^ at node P2 de- 
is a plot of the waveform of voltage Vc developed at creases, as shown in FIG. 4(c), thereby turning transis- 
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tors Tri and Tja OFF. When OFF, transistor Tr\ no low level of the clock signal (e.g., at the time interval 

longer permits the flow of current ic which then termi-' t2). Therefore, a special D type MIST requiring an ion • 

nates, as seen in FIG. 4(e). Thus, as seen by comparison implantation mask for its fabrication, as before de- 

of FIG. 4(a) and FIG. 4(/), the current ic flows only scribed, is not necessary for implementing the function 

during the limited conducting period of transistor Tr\ S of transistors T^i and Trz and instead an ordinary E 

corresponding to a portion of the duration of the posi- type MIST is sufficient. Likewise, ordinary E type 

tive clock pulse between ti and ti. MIST devices may be employed as transistors Tri and 

The trailing edge of the positive clock pulse occur- Tr4 m the CP circuit 
ring at time t2 causes the voltage at node Pi to fall FIG. 5 is a graph representing a simulation of the 
rapidly, as shown in FIG. 4(b\ with the result that 10 charging operation of the precharge circuit of the in- 
' transistors Tr^ and Tra are switched OFF and ON, vention. The results are indicated for the circuit in a 
respectively. The rapid drop in the level of voltage simulated implementation wherein: V;,p=28 V; pre- 
is accompanied by a rapid negative charge being devel- charging capacitor Cz, has a c^>acitance of 5 pF; the 
oped on stray capacitance Cri, which then is gradually clocking signal has a frequency of 8 MHz (mega-Hertz) 
discharged by a discharge current which flows from the IS and an amplitude of S V; the ratio of channel width to 
charging capacitor Cl through transistor Tr4» As seen length, W/L, for transistors Tru Trz and Tra^ is 4 
in FIG. 4(6), however, voltage has a mean value fun/4 fun and for transistor Tri is 4 fim/16 /im; and the 
which increases gradually during the successive dock ratio of width to length of the coupling capacitor Go is 
pulses. This results because the discharging current 20 ;un/20 |un. These conditions are consistent with the 
flowing through tranastor Tr4 is supplied from the 20 use of ordbary E type MISPs for all transistors of the 
prechargmg capacitor Cl which, likewise in successive precharging circuit of FIG. 3, as before noted. Further, 
clock pulses, produces the precharging voltage Vo the value of S pF for the precharging capacitor Cl is 
which incrementally increases with successive clodc standard and thus a MIST having a channel dimension 
pulses. of 100 >un width (W) x 100 ^ length (L) and employ- 
On the other hand, the rapid drop in the level of 25 ing a capacitor having a dielectric of silicon dioxide 
voltage Vc such as at time It, U, etc., causes transistor (SiOi) and a thickness of 600 A (Angstroms) may be 
Trz to be rapidly turned OFF. As a result, the rapid employed. FIG. 5 more specifically is a plot of the 
drop in the level of voltage has almost no influence precharging voltage Vp relative to time, in microsec- 
on the voltage Vp which therefore remains substantially onds, for these conditions and reveals that a precharg- 
at its value established during the preceding clock pulse, 30 ing time of 90 ^m is afforded, at which time the voltage 
as seen by comparison of the waveform of voltage Vpin V^^ developed on the charging capacitor Cl, of only 5 
FIG. 4(c) during time interval tj with that during time pF, approaches substantially Sie level of the high volt- 
interval ti, during time interval t4 with that of time age Vp^ss28 V. Moreover, the time required for com- 
mterval tj, and so forth. While, in fact, the r^id drop in pletion of the prechargmg function can be controlled by 
the level of voltage Vc is transferred to node P2 through 35 varying the characteristics of the transistors Tr] and 
the gate capacitance of transistor Trj, that gate capad- Tr2 and/or the capadtanoe of the coupling capadtor 
tanoe is insignificant in comparison with the stray ca- Coin accordance with conventional RC time constant 
pacitance C12* such that the drop in voltage Vc has no circuit determinations. 

meaningful eflect on the value of voltage at node P2. Numerous modifications and adaptations of the pre- 

Thus, the voltage maintains transistors Tri and Tri 40 charging circuit of the invention will be apparent to 

OFF, such as during time interval I2, until the next those of skill in the art and thus is intended by the ap- 

clock pulse occurs at time t}. pended claims to cover all such modifications and adap- 

During the next clock pulse initiating at time t}, and tations which fall within the true spirit and scope of the 

correspondingly for each successive clock pulse, the invention, 

precharging circuit operates in the manner hereinbefore 4S What is claimed is: 

described. Accordingly, the prechargmg voltage Vo 1. A precharging circuit for charging a precharging. 

incrementally increases in level for the successive clock node to a high voltage levd, rdative to ground poten- 

pulses, as shown m FIG. 4(^, until the levd of Voap- tial, from a high voltage source under control of a series 

proaches that of the high voltage source Vpp. Thus, a of dock pulses, successive clock pulses being separated 

long thne mterval is obtained for the charging function, SO by corresponding Interim time mtervals and each dock 

even though the capacitance of the precharging capad- pulse having a leading edge and a trailing edge defining 

tor Cl is small. ther^tween a corresponding clock pulse time interval. 

When the precharging circuit of the invention is em* comprising: 
ployed as a timer circuit, the end point, or completion, a precharging capadtor connected between said pre- 
of the precharging operation is determined in accor- 55 charging node and ground for developing a volt- 
dance with the voltage Vo at node P3 reaching a prede^ age at the precharging node having a levd which 
tennined voltage levd, as may readily be achieved by increment^y increases to a high voltage level 
any suitable prior art voltage levd detecting circuit approaching that of the high voltage source; 
When this condition is detected, a reset circuit (not a first MIS transistor having a gate, a source and a 
shown), which may be of a conventional prior art de- 60 drain, one of said source and drain being opera- 
sign, resets the^oltage Vp at node P2 and V^ at node P3 tivdy connected to the high voltage source and the 
to the initial levd of sutetantially 0 V, sndi as by dis> other of said source and drain being operativdy 
charging the associated cqiadtor. connected to said precharging node, said first MIS 

The precharging circuit of the invention functions to transistor having a predetermined threshold volt- 
assure that transistors T^i and T/q are always turned 65 age for conduction; 
ON at the leading edge of each successive clock pulse, a further node; 

because the voltage Vp is dways adjusted to a levd just a charge-pump circuit operativdy connected be- 
less than the sum of the voltages Vo+V^a during the tween said precharging node and through said 
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further node to said gate of said first MIS transis- 
tor; 

means for applying a series of clock pulses to said 
charge-pump drcuit, said charge-pump circuit 
responding to each of said clock pulses to generate 5 
a voltage at said further node which has a higher 
level than the predetermined threshold voltage for 
conduction of said first MIS transistor, relative to 
the currently existing voltage level at said pre- 
chargmg node, therd>y to turn said first MIS tran- 10 
sistor on and permit a flow of charging current 
therethrough from said high voltage source to said 
precharging capacitor thereby to produce an in- 
crease m the voltage level at the precharging nod^ 
and IS 

voltage suppressing means having a predetermined 
threshold value for operation and operativdy con- 
nected between said further node and said pre* 
charging node and responsive to said higher level 
volt^e at said further node exceeding the voltage 20 
at said precharging node by said predetermined 
threshold value for operation of said voltage sup- 
pressing means so as to reduce the voltage level at 
said further node and turn said first MIS transistor 
off, said first MIS transistor thus being turned on 25 
only for a portion of the respective clock pulse time 
interval of each of successive clock pulses applied 
to said charge-pump circuit to permit correspond- 
ing, incremental flows of charging current to said 
precharging capacitor for charging said precharg- 30 
ing node to a voltage level approaching that of said 
high voltage source. 

2. A precharging circuit as recited in claim 1, wherein 
said first MIS transistor is of the enhancement type. 

3. A precharging circuit as recited m claim 1, wherein 35 
said voltage suppressing means comprises a second MIS 
transistor having a gate, a source and a drain, said gate 

. and drain of said second MIS transistor being opera- 
tively connected to said further node and said source of 
said second MIS transistor being operatively connected 40 
to said precharging node. 

4. A precharging circniit as recited in claim 1, wherein 
said first and second MIS transistors are of the enhance- 
ment type. 

5. A precharging circuit for charging a prepharging 45 
node to a high voltage level, relative to ground poten« 
tial, from a high voltage source under control of a series 
of clock pluses, successive clock pulses being separated 
by corresponding interim time intervals and each clock 
pulse having a leading edge and a trailing edge defining 50 
therebetween a corresponding clock pulse time interval, 
comprising: 

a precharging capacitor connected between said pre- 
charging node and ground for developmg a volt- 
age at said precharging node having a level which 55 
incrementally increases to a high voltage level 
approaching that of the high voltage source; 

a first MIS transistor having a gate, a source and a 
dram, one of said source and drain being opera- 
tivdy connected to the high voltage source and the 60 
other of said source and drain being operatively 
connected to said precharging node, said first MIS 
transistor having a predetermined threshold volt- 
age for conduction; 

a further node; 65 

a charge-pump circuit operatively connected be- 
tween said precharging node and through said 
further node to said gate of said first MIS transis- 
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tor, said charge pump circuit comprising a cou- 
pling capacitor having fust and second terminals, 
first means connected between said second termi- 
nal of said coupling capacitor and said further node 
and second means operatively connected between 
said precharging node and said second terminal of 
said coupling capacitor; 

means operatively connected to said first terminal of 
said coupling capacitor for applying a series of 
clock pulses to said charge-pump circuit, said first 
means of said charage-pump circuit responding to 
each said clock pulse for permitting a current to 
flow from said second terminal of said coupling 
capacitor to said further node during the corre- 
sponding clock pulse interval and said second 
means being responsive to the trailing edge of each 
said clock pulse for permitting a current to flow 
from said precharging node to said second terminal 
of said coupling capacitor during the interim time 
interval preceding a next successive clock pulse, to 
generate a voltage at said further node which has a 
higher level than the voltage levd at said precharg- 
ing node and thereby to turn said first MIS transis- 
tor on and permit a flow therethrough of charging 
current from said high voltage source to said pre- 
charging capacitor thereby to produce an increase 
in the voltage level at the precharging node; and 

voltage suppressing means having a predetermined 
threshold value for operation and operatively con- 
nected between said further node and said pre- 
charging node and responsive to said higher level 
voltage at said further node exceeding the voltage 
level at said precharging node by said predeter- 
mined threshold value for operation of said voltage 
suppressing means so as to reduce the voltage level 
at said further node and turn said first MIS transis- 
tor off, said first MIS transistor thus being turned 
on only for a portion of the clock pulse time inter- 
val of each of successive clock pulses applied to 
said charge-pump circuit to permit corresponding, 
incremental flows of charging current to said pre- 
charging capacitor for charging said precharging 
node to a voltage level approaching that of said 
high voltage source. 

6. A precharging circuit as recited in claim 5, wherein 
said first means comprises a third MIS transistor having 
a gate operatively connected to said second tenninal of 
said capacitor, a source and a drain, one of said source 
and drain being connected to said second terminal of 
said capacitor and the other of said source and drain 
being connected to said further node. 

7. A precharging circuit as recited in claim 5, wherein 
said second means comprises a fourth MIS transistor 
having a gate connected to said further node, a source 
and a drain, one of said source and drain of said fourth 
MIS transistor being connected to said second terminal 
of said capacitor and the other of said source and drain 
of said fourth MIS transistor being connected to said 
precharging node. 

8. A prechargnsg circuit as recited in claim 6, wherein 
said second means comprises a fourth MIS transistor 
having a gate connected to. said further node, a source 
and a drain, one of said source and drain of said fourth 
MIS transistor being connected to said second terminal 
of said capacitor and the other of said source and drain 
of said fourth MIS traissistor being connected to said 
precharging node. 
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9. A precbargingcurcmt as recited in claim 8, wherdn 
each of said third and fourth MIS transistors is of the 
enhancement type. 

10. A precharging circuit implemented in a semicon- 
ductor memory chip for charging a precharging node to 5 
a high voltage level from a high voltage source under 
control of a series of clock pulses, sucoessive clock 
pulses being separated by corresponding interim time 
intervals and each clock pulse having a leading edge 
and a trailing edge defining therebetween a correspond- 10 
ing clock pulse time interval, comprising: 

a first terminal for connection to the high voltage 
source; 

a precharging node defining an output terminal of 
said precharging circuit; IS 

a charge storage capacitor connected between said 
precharging node and a reference potential for 
devdcinng a voltage at said precharging node 
having a level which mcrementally increases to a 
high voltage level approaching that of the high 20 
voltage source; 

a second node; 

a first MIS transistor having source, drain and gate 
terminals and operatively connected at said source, 
drain and gate terminals thereof respectively to the 25 
high voltage source terminal, to said precharging 
node and to said second node, said first MIS tran- 
sistor having a predetermined threshold voltage for 
conduction; 

a charge pump circuit operatively connected be- 3D 
tween said precharging node and through said 
second node to said gate of said first MIS transis- 
tor, said charge pump dicuit comprising a third 
node therein, first and second means connected in 
series at said third node and respectively to said 35 
second node and to said precharging node, a clock 
pulse input terminal to which the series of clock 
pulses is applied, and a coupling capacitor con- 
nected between said dock puke input terminal and 
said third node; 40 

means for applying the series of clock pulses to said 
charge pump circuit, each said clock pulse being 



applied to said third node through said coupling 
capacitor for developing a charge thereon and 
producing an increase in the voltage level of said 
third node; 

said first means being responsive to the leading edge 
of each said clock pulse for transferring the charge 
at said third node to said second node ther^y to 
produce an increase in the voltage level at said 
second node and thereby to render said first MIS 
transistor conductive when the voltage level at said 
second node exceeds the predetermined threshold 
voltage for conduction of said first MIS transistor, 
relative to the voltage level of siud precharging 
node; 

said charge-pump circuit responding to the trailing 
edge of each said dock pulse to lower the voltage 
levd of said third node, said first means being ren- 
dered nonoonductive thereby and said second 
means being rendered conductive thereby so as to 
increase the voltage levd of said third node in 
accordance with the voltage levd of said precharg- 
ing node during the interim time intervd preceding 
a next successive clock pulse; and 

third means having a predetermined threshold volt- 
age for operation and connected between said gate 
and said drain of said first MIS transistor and re- 
sponsive to the voltage levd at said second node 
exceeding said predetermined threshold voltage 
for operation of said third means, relative to the 
voltage levd of said precharging node, for permit- 
ting a charging current to flow from said second 
node to said precharging node and thereby reduce 
the voltage levd at said second node for terminat- 
ing conduction of said fir^ MIS transistor within 
the clock piilse time intervd of each dock pulse. 

11. A precharging circuit as recited in cUdm 10, 
wherein each of said first, second and third means com- 
prises a MIS transistor. 

12. A precharging circuit as redted in claim 11, 
wherein each of said MIS transistors is of the enhance- 
ment type. 
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[57] ABSTRACT 

A low noise chai^e-pump circuit with low power consump- 
tion and operatirig in a cyclic mode comprises two cuirent 
sources connecied in parallel, and a current mirror for 
transforming the current supplied by one of the current 
sources and coupling it to the output of the other current 
source. Each of the current sources essentially comprises a 
transistor controlled from the output (VB) of a reference 
voltage generator via a respective transistor switch. The 
reference voltage generator essentially comprises a tfairxi 
transistor similar to the two first-mentioned transistors and 
in series with a further current source supplying a current lo, 
and means for making the current through the third transistor 
equal to the current lo. 
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LOW-CONSUMPTION LOW-NOISE 
CHARGE-PUMP CIRCUIT 

HELD OF THE INVENTION 

Ibis invention relates to a charge-pump circuit which, ^ 
starting from a liist supply terminal, comprises a first current 
source and a second current sotirce of similar construction, 
whose current supplied to a second supply terminal is 
nominally identical, said current sources being activated 
independently and cyclically by control signals, i.e. a so- 
called down signal and a so-called up signal, which circuit 
also comprises a current mirror having an input aixangcd in 
the connection between the first current source and the 
second supply terminal, and having an output connected to 
the output of the second current source to form an output 
terminal of the charge-pump circuiL 

BACKGROUND OF THE INVENTION 

Such a chaige-pump drcuit is known from the U.S. Pat. 20 
No. 4,847.519. The circuit known from this document 
comprises two current sources fonned by two differential 
stages operating under cyclic control of up and down 
signals, a charge pulse being supplied at the output during a 
time interval in which only one of the two current sources is 25 
active. During the remainder of a cycle of the cyclic control 
signal the current sources are either inactive or simulta- 
neously active, as a result of which no charge is supplied to 
the output of the circuit The charge pulses at the output of 
the circuit are stored in a storage capacitance. 30 

Although the known circuit arrangement has the advan- 
tage that it uses two current sources which can be very much 
alike and can therefore be paired in a suitable manner, it has 
the serious drawback of permanently consimoing the total 
current of the two current sources owing to the use of the 35 
differential circuit 

With respect to the noise characteristics at the output of a 
charge-pump circuit of this type, a detailed analysis of the 
situation will show that the average noise is substantially 
proportional to the duty cycle of the control signals, the ^ 
noise being substantially zero during the part of the cycle in 
which both current sources are inactive. To reduce the 
average noise at the output it is therefore advantageous to 
use control signals whose duty cycle is as small as possible. 
Moreover, if the current sources supply a large current, for 
example, several milliamperes or even some tens of miUi- 
amperes. this will improve the ability of a charge-pump 
circuit to r^idly change the value at the output in response 
to a sudden variation of the phase of an oscillator to be 
controUed. so 

Therefore, the prior-art charge-pump circuit is not suitable 
for uses in which the current consumption should be mini- 
mal, as in the case of battery-powered ponable apparatuses. 

It is an object of the invention to mitigate the above- 
mentioned problems. The invention features a charge-pimip 
circuit whose power consumption is substantially smaller 
than that of the known circuit and whose noise at the output 
is reduced considerably. 
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According to the invention a charge-pump circuit of the 
type defined in \hc opening paragraph is characterized in tiiat 
the first and the second current source essentially comprise 
a first and a second transistor, respectively, the control 65 
electrode of each of said transistors being coupled to the 
output of a reference voltage generator common to the two 



transistors via a first transistor switch, controlled by the 
down signal, for the first transistor, and via a second 
transistor switch, controlled by tiie up signal, for the second 
transistor, and the reference voltage generator comprises a 
third transistor of a constmction similar to that of the two 
first-mentioned transistors, a reference current source in 
scries with the third transistor, and means for making the 
current through the tiiird transistor equal to the current of 
said reference current source. The control electrode of the 
third transistor carries said reference voltage to be applied to 
the conUDi electrodes of the first and the second transistor. 

Thus, in accordance with the invention the first and the 
second current source only supply current during the time in 
which tiiey are activated, which time is defined by the duty 
cycles of the conmjl signals, which can be as small as Vio*. 
whereas the third transistor alone permanently supplies the 
reference current produced by the reference current source. 
In practice, a reference-voltage generator as defined can be 
used to feed a plurality of first and second current sources in 
a manner such that the average current consumption remains 
very moderate. 

Since tiie control electrodes of the first and the second 
transistors are driven by the same reference voltage genera- 
tor, the noise which can ^pear on the output of this 
generator is substantially eliminated at the output of tht 
circuit in tiie phase of tiie cycle in which both current 
sources are active simultaneously. 

In a preferred embodiment the charge-pump circuit in 
accordance with the invention is characterized in that the 
reference voltage generator comprises a feedback amplifier 
having a fint input coupled to a node between tiie reference 
current source and the output electrode of the third transistor, 
having a second mput coupled to tiie control electrode of 
said third transistor, and having an output supplying said 
reference voltage. 

Depending on the field of use the feedback amplifier can 
be ad^ted to tiie number of current sources fed by this 
generator and the current supplied by these current sources. 
Since the output electrode of tiie tiiird transistor is coupled 
to one of tiie inputs of tiie feedback amplifier, tiie tiiird 
transistor will operate witii a well-defined and constant 
voltage. 

In order for operating conditions of the third transistor to 
be, as far as possible, similar to tiiose of the first and the 
second transistor, it is advantageous if a fourth transistor, 
serving as a permanentiy closed switch, is arranged between 
tiie second input of tiie feedback amplifier and the control 
electrode of tiie third transistor. The fourth transistor is of a 
construction similar to tiiat of tiie transistors of tiie first and 
tiie second switch which control the cyclic activation of the 
first and the second transistor of the charge pump. 

In this way the current sources supply a current which is 
a most accurate replica of the reference current produced in 
tiie reference voltage generator. The current supplied by the 
first and tiie second current source can thus be predicted very 
precisely. 

In accordance witii the invention a charge-pump circuit 
may also comprise a voltage shifter included at tiie first input 
of the feedback amplifier. This arrangement makes it pos- 
sible to select an operating voltage for tiie tiiird transistor 
which is compatible witii the supply voltages and which is 
close to tiie operating voltages of tiie first and the second 
transistor. 

The charge-pump circuit in accordance with the invention 
can be implemented by means of MOS field effect transis- 
tors, by means of bipolar transistors, or suitably by means of 
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a combination of transistors of both types. 

The invention also relates to a frequency synthesizer 
including at least one charge-pump circuit as defined above. 
A frequency synthesizer which could use the defined charge- 
pump circuit is described in U.S. Pat No. 4.814.726. hereby 
incorporated by reference. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further characteristic feaUires and advantages of the 
invention will become apparent upon perusal of the follow- 
ing description with reference to the accompanying draw- 
ings given by way of non-limitative examples, in which: 

HG. 1 is a partly block-schematic circuit diagram of a 
chai]ge-pump circuit in accordance with the invention. 

FIG. 2 shows a detailed example of two switches used in 
the circuit shown in FIG. 1, 

FIG. 3 is a simplified circuit diagram of a feedback 
amplifier used in the charge-pump circuit in accordance with 
. the invention, and 

FIG. 4 a shows a preferred version of such a feedback 
an^)lifier. 

DESCRIPTION OF EMBODIMENTS 
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FIG. 1 shows the basic diagram of a charge-pump circuit 
in accordance with the invention. 

Arranged in parallel between the positive supply terminal 
Vcc and the negative supply terminal Vss are a first bipolar 
pnp transistor 11, whose emitter is coupled to the terminal 
Vcc via an emitter resistor 21, and a second pnp transistor 
12, whose emitter is coupled to the terminal Vcc via an 
emitter resistor 22 of the same value as the resistor 21. The 
collector of the first transistor 11 is connected to the input of 
a current mirror Ml which comprises bipolar npn transistors 
and has its output connected to the collector of the second 
transistor 12 to form a node constituting the ouq)ut terminal 
O of the charge-pump circuit The respective transistor and 
emitter resistor U, 21 and 12, 22 form the first current 
source and the second current source, respectively, of the 
charge pump. The base of the first transistor U is coupled to 
the output of a reference voltage generator 14, which sup- 
plies a reference voltage VB at its output, via a transistor 
switch 15 which is controlled by a down signal DN. Like- 
wise, the second transistor 12 has its base coupled to the 
same output of the reference voltage generator 14 via 
aiother transistor switch 16 which is conUx)Iled by an up 
signal UP. The down signal DN and the up signal UP arc 
both supplied by a phase comparator associated with the 
charge-pump circuit in order to form a phase-locked loop, 
which phase comparator is of a known type and is not shown 
in the Figure. These signals are pulse-shaped signals with 
small duty cycles and they are pulse-width modulated. 

The reference voltage generator 14 basically comprises a 
third transistor 13 of a construction similar to that of the first 
and the second transistors 11, 12. The third transistor has its 
emitter coupled to the supply terminal Vcc via an emitter 
resistor 23 of the same resistance value as the emitter 
resistors 21 and 22 of the first and the second transistors. The 
third transistor 13 is coupled to the supply terminal Vss via 
a reference current source So supplying a fixed reference 
cunrent lo. 

In addition, means have been provided for making the 
current through the third transistor 13 equal to the current lo 65 
of said reference current source So. Said means essentially 
comprise a feedback amplifier 20. A first input of this 
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amplifier 20 is coupled to the node between the collector of 
the third transistor 13 and the current source So, suitably via 
a voltage shifter 18. A second input of the amplifier 20 is 
coupled to the base of the third transistor 13, suitably via a 
permanently closed transistor switch 17. As will be 
explained in more detail hereinafter, the switch 17 is formed 
by a transistor of the same type and of a construction similar 
to that of the transistors of the switches 15 and 16 effecting 
the cyclic activation of the first transistor 11 and the second 
transistor 12. The ou^ut of the amplifier 20 is cormectcd to 
the second input of this amplifier and carries said reference 
voltage VB. which should be applied cyclically to the first 
transistor 11 and the second transistor 12 of the charge 
pump. Thus, such a reference voltage generator 14 com- 
prises means which are entirely similar to the first and the 
second transistors 11 and 12 of the charge pump, such thai 
when these transistors are activated they exactly reproduce 
the reference current lo. 

Reference is now made to HG. 2. which shows a pre- 
ferred example of the switches 15 and 16. shown diagram- 
matically in FIG. 1. Here, the switches 15 and 16 are 
implemented by means of MOS field-effect transistors. The 
switch 15 receives at its input the down command DN, 
which is ^plied to the gate of a pair of transistors MPll and 
MNll arranged in series between the supply terminals Vcc 
and Vss. MPll is a p-channel transistor and MNll is an 
n-channel transistor. This transistor pair supplies a logic 
output signal which is the inverse of the down command 
DN, Another pair of p-channel MOS transistors MP12 and 
MP13 is arranged in series between the supply terminal Vcc 
and the node carrying the reference voltage VB. 

The transistor MP12, which is referred to the supply 
terminal Vcc, receives at its gate the inverted down signal 
from the output of the pair of transistors MPll and MNll. 
The transistor MP13, which is rcfcncd to the reference 
voltage VB, receives at its gate the down signal DN. Thus, 
the transistors MP12 and MP13 form a switch, the node 
common to these two transistors being cither at the voltage 
Vcc or at the voltage VB depending on the down signal DN. 
The node is connected lo the base of the first transistor 11 of 
the charge pump. 

The switch 16 is of a construction entirely similar to that 
of the switch 15. At its input it receives the up command UP 
applied to the gate of a pair of MOS transistors MP21 and 
MN21 forming an inverter for the up signal UP. Likewise, a 
second pair of transistors MP22 and MP23 are arranged 
between the terminal Vcc and the line carrying the reference 
voltage VB and have an output formed by the node between 
these u^sistors. This node is coupled directly to the base of 
the second transistor 12 of the diarge pump. 

When the first transistor 11 of the charge pump is acti- 
vated, the transistor MP13 conducts and supplies the refer- 
ence voltage VB to the base of the transistor 11. Likewise, 
when the second transistor 12 of the charge-pump is acti- 
vated the transistor MP23 conducts and transfers the refer- 
ence voltage VB to the base of this transistor 12. As staled 
above, the transistor forming the normally closed switch 17 
in the reference voltage generator 14 is a p-charmel MOS 
transistor of a construction identical to that of the transistors 
MP13 and MP23 such that the reference voltage VB allows 
for the voltage drop across each of these transistors. Thus, 
the reference current lo is reproduced exactly in the first 
transistor 11 and the second transistor 12 when they are 
activated. 

When activated simultaneously, the first and the second 
transistor 11 and 12 of the charge pump are biassed with the 
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same reference voltage VB, as a result of which the noise 
caused by this voltage at the ou^ut 0 of the chaigc pump is 
substantially eliminated. 

FIG. 3 shows very diagrammatically an example of a 
feedback amplifier such as the amplifier 20 in FIG. 1. Here, 
the feedback amplifier is essentially formed by means of a 
p-channel MOS field-effect transistor MP15 having a gate 
connected to the node between the collector of the third 
transistor 13 and the reference current source So. The main 
current path of the transistor MP15 is disposed between the 
supply terminal Vss and a node A forming the output 
carrying the reference voltage VB, which node is also 
connected to the base of the third transistor 13 via the switch 
17 and is coupled to the supply terminal Vcc via a current 
source S2, Hie base-collector voltage of the third unansistor 
13 is therefore determined by the threshold voltage of the 
transistor MP15 plus the voltage drop across the switch 17. 
The transistor MP15 absorbs the current firom the cunem 
source S2 to bring the node A at the voltage VB in a manner 
such that the third transistor 13 supplies the current lo of the „ 
reference current source So. The reference voltage VB 
appears across an inq)edance which decreases as the current 
12 supplied by the current source S2 increases. It can 
respond to any demand for base current of the first and the 
second transistors 11 and 12 of the charge pump. 

FIG. 4 shows a preferred example of the entire reference 
voltage generator 14 shown in FIG. 1. The third transistor 13 
is again shown with its emitter resistor 23 and with the 
reference current source So in series with this transistor. 

A bipolar npn transistor T18 has its base connected to the 
collector of the third transistor 13. has its emitter coupled lo 
the supply terminal Vss via another current source SI 
supplying a current U, and has its collector connected 
directly to the supply terminal Vcc. Here, the transistor T18 
fOTns the voltage shifter 18 shown in FIG. 1. The base of the 
tiiird transistor 13 is connected to an electrode of the main 
current path of a p-channel MOS transistor MP17, whose 
gate is connected to the supply terminal Vss. The transistor 
MP17 forms a permanendy closed switch referenced 17 in 
FIGS. 1 and 3. The feedback amplifier now comprises a first 40 
p-channel MOS ii^t transistor MP15 and a second p-chan- 
nel MOS input transistor MP16 whose gates are intercon- 
nected and connected to the emitter of the transistor T18. 
The source S of the first input transistor MP15 receives the 
output voltage of the transistor MP17 forming the perma- 
nently closed switch and. is also coupled to the supply 
terminal Vcc via the current source S2, which is as described 
with reference to FIG. 3 and which supplies a current 12. 
The source S of the second input transistor MP16 forms the 
output terminal of the amplifier and is also coupled to the 50 
supply terminal Vcc via a current source S3 supplying a 
current 13. The drain D of the fint input transistor MP15 is 
coupled to the supply terminal Vss via the input of a current 
minor comprising bipolar npn transistors 31 and 32. The 
output of the current mirror M2. which output is formed by 5S 
the collector of the transistor 32, is coupled to the drain D 
of the second input transistor MP16 and to the base of a 
Wpolar npn output transistor 33 having its emitter connected 
to the supply terminal Vss and its collector connected to the 
output terminal 0 of the amplifier. The node A is as described 
with reference to FIG. 3. A node similar to the node A is 
referenced B and couples the current source S3 to the source 
S of the second input transistor MP16. The feedback ampli- 
fier thus formed has a higher power gain than the amplifier 
shown diagrammatically in FIG. 3, The node A. in contra- 
distinction to that in the arrangement shown in FIG. 3, is 
now separated fiDm the amplifier output (node B) but ±e 
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voltage appearing on the node A is exactly reproduced on the 
node B across an even lower impedance. The current 12 
supplied by the current source S2 is selected depending on 
the requirements and need not have a high accuracy. The; 
current 13 supplied by the current source S3 is selected to be 
larger than the current 12. The comparator comprising the 
transistors MP15, MP16, and the current minor M2 require 
that identical currents equal to 12 flow in the two input 
transistors MP15 and MP16. At the node B the output 
transistor 33 absorbs the difference between the currents 
13-12 (in the absence of current consumption at the output). 
The voltage obtained on the node B is therefore a precise 
reproduction of the voltage on the node A so that the 
reference voltage VB appears across a low impedance. 

Tlic principal elements of the feedback amplifier com- 
prising p-channel MOS transistors and bipolar npn transis- 
tors respond very rapidly to any demand for current firom the 
reference voltage generator at terminal VB. Such a generator 
can therefore feed a plurality of first and second current 
sources which arc operated in parallel and may be program- 
mable to suit the needs of the user. It is evident that the 
current consumed permanently by a reference voltage gen- 
erator of this type remains comparatively moderate as com- 
pared with that of several tens of first and second current 
sources operated in parallel. 

Whereas the examples described above use a combination 
of bipolar transistors and MOS field-effect transistors, alter- 
native constructions are possible using only bipolar transis- 
tors or only field-effect transistors. However, the examples 
described herein represent a preferred constnictiorL 
I daim: 

1. A charge-pump circuit comprising: a first supply ter- 
minal and a second supply terminal, a first current source 
and a second current source of similar constmction coupled 
to the first and second supply terminals so that currents 
supplied to the second supply terminal from the first and 
second current sources are nominally identical, said current 
sources being activated independently and with a cyclic 
activation by down and up control signals, a current mirror 
having an input branch in a connection between the first 
current source and the second supply terminal and having an 
output connected to an output of the second current source 
to form an output terminal of the charge-pump circuit, 
wherein the first and the second current source essentially 
comprise a first and a second transistor, respectively, a 
control electrode of each of said transistors being coupled to 
an output of a reference voltage generator common to the 
two transistors via a first transistor switch, controlled by the 
dowri signal, for the first transistor, and via a second 
transistor switch, controlled by the up signal, for Uie second 
transistor, and the reference voltage generator comprises a 
third transistor of a construction similar to tiiat of the first 
and second transiston, a reference current source connected 
in series with the tiiird transistor, and means for making 
current through the third transistor equal lo current of said 
reference current source, a control electrode of the third 
transistor carrying a reference voltage to be applied to the 
control electrodes of the first and the second transistors. 

2. A charge-pump circuit as claimed in claim 1, wherein 
the reference voltage generator comprises a feedback ampli- 
fier having a first input coupled to a node between the 
reference current source and an output electrode of the third 
transistor, having a second input coupled to die control 
electrode of said third transistor, and having an output 
supplying said reference voltage. 

3. A charge-pump circuit as claimed in claim 2, finther 
comprising a fourth transistor, serving as a permancntiy 
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dosed switch, coupled between the second input of the 
feedback amplifier and the control electrode of the third 
transistor, wherein said fourth transistor is of a construction 
similar to that of the transistors of the first and the second 
transistor switches and which control the cyclic activation of 
the first and the second transistors of the charge pump. 

4. A chaigc-pump circuit as claimed in claim 2. wherein 
a voltage shifter is coupled to the first input of the feedback 
amplifier. 

5. A charge-pump circuit as claimed in claim 3, wherein 
the first, the second and the third Unnsistors are of the bipolar 
pnp type, and the current mirror comprises bipolar npn 
transistors. 

6. A charge-pump circuit as claimed in claim 5, wherein 
the first and the second switch each comprise complemen- 
tary MOS field-effect transistors. 

7. A chaigc-pump circuit as claimed in claim 6, wherein 
the feedback amplifier comprises a first and a second input 
transistor of die p-channel MOS type, having interconnected 
gates, a source of the first input transistor receiving an output 20 
voltage of the fourth transistor and being coupled to a first 
associated current source fed by the first supply terminal, a 
source of the second input transistor forming the output of 
the amplifier and being coupled to a second associated 
current source which is also fed by the first supply terminal, 25 
a drain of the first input transistor being coupled to an input 
of a further current mirror comprising bipolar npn transis- 
tors, said further current minor having an output connected 
to a drain of the second input transistor and to an input of a 
bipolar npn output transistor having its emitter connected to 30 
the second supply terminal and having its collector con- 
nected to the output of the amplifier. 

8. A charge-pump circuit as claimed in claim 3, wherein 
a voltage shifter is coupled to the first input of the feedback 
amplifier. 

9. A charge-pump circuit as claimed in claim 1, wherein 
the first, second and third transistors are of a bipolar pnp 
type, and the cuxrent mirror comprises bipolar npn transis- 
tors. 

10. A charge-pump circuit as claimed in daim 3, wherein 40 
the feedback amplifier comprises a first and a second input 
transistor of the p-channel MOS type, having interconnected 
gates, a source of the first input transistor receiving an output 
voltage of the fourth transistor and being coupled to a first 
assodated current source fed by the first supply terminal, a 
source of the second input transistor forming the output of 
the amplifier and being coupled to a second assodated 
current source which is also fed by the first supply terminal, 
a drain of the first input ttansistor being coupled to an input 
of a further current mirror comprising bipolar npn tansis- 
tors, said further current mirror having an output connected 
to a drain of the second input transistor and to an input of a 
bipolar npn output transistor having its emitter connected to 
the second supply terminal and having its collector con- 
nected to the output of the amplifier. 

11. The charge-pump circuit as claimed in claim 1 
wherein the first transistor switch comprises first and second 
complementary MOS transistors serially coupled between 
said first and second supply terminals and with a common 
node therebetween coupled to the control electrode of the 
first transistor, and 

the second transistor switch comprises third and fourth 
complementary MOS U^sistors serially coupled 
between said first and second supply terminals and with 
a common node therebetween coupled to the control 
electrode of the second transistor. 

12. A charge-pump drcuit comprising: 
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first and second supply terminals, 
a current mirror having an input terminal, an output 
terminal, and a common terminal connected to said 
second supply terminal, 
a first current source including a first transistor coupled to 
said first supply terminal and to said input tenninal of 
the current mirror, 
a second cim^nt source including a second transistor 
coupled to said first supply tenninal and to said output 
terminal of the current minor, 
an output tenninal coupled to a node between the second 
transistor and the output terminal of the current minor, 
a reference voltage generator having an ou^ui coupled to 
respective conmol electrodes of the first and second 
transistors via first and second controlled switches, 
respectively, 

means for supplying first and second conu-ol signals lo 
respective conu-ol terminals of the first and second 
controlled switches so as to acmate the first and second 
transistors cyclically by means of a reference voltage 
produced at the output of the reference voltage genera- 
tor, and wherein 

the reference voltage generator comprises; 
a third transistor of a type similar to that of the finl and 

second transistors, 
a source of reference current connected in series with the 
third U*ansistor to said first and second supply termi- 
nals, and 

a feedback drcuit coupled to the third transistor so as lo . 
make a cunent flowing through the third transistor 
equal to the current of said reference current source. 

13. The charge-pump circuit as claimed in claim 12 
wherein the feedback circuit of the reference voltage gen- 
erator conqmses a fecdbadc amplifier having a first input 
coupled to a node between the reference cunent source and 
an ouqjut electrode of the third transistor, having a second 
input coupled to a conu-ol electrode of said third transistor, 
and having an output coupled to said output of the reference 
voltage generator so as to supply said reference voltage to 
said reference voltage generator output. 

14. The charge-pump circuit as claimed in claim 13 
wherein said first and second controlled switches comprise 
transistor switches and said reference voltage generator 
further comprises a fourth transistor coupled between the 
second input of the feedback amplifier and the control 
electrode of the third transistor, said fourth transistor being 
of the same type as the u-ansislor switches. 

15. The charge-pump circuit as claimed in claim 12 
wherein said control signals supplying means supplies 
pulse-shaped signals with a short duty cycle and said first 
and second cunent sources supply respective currents thai 
are determined by the source of reference cunent of said 
reference voltage generator. 

16. The charge-pump drcuit as claimed in claim 12 
wherein the third transistor comprises a bipolar transistor 
and the feedback circuit comprises; 

a MOS transistor having its gate coupled to a node 
between the third U^nsistor and the reference cuncni 
source and a first main electrode coupled lo a base of 
the third transistor and to the first supply terminal via 
a second source of reference current. 

17. The charge-pump circuit as claimed in claim 16 
wherein a second main electix)de of said MOS transistor is 
coupled to the output of the reference voltage generator via 
a further current minor comprising bipolar transistors. 
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18. The charge-pump circuit as claimed in claim 17 
wherein an output of the further current miiror is coupled to 
a further MOS transistor and a further bipolar transistor each 
of which is coupled to said output of the reference voltage 
generator, and all in a manner whereby the reference voltage 5 
at said output of the reference voltage generator reproduces 

a voltage at the first main electrode of said MOS transistor, 
said first main electrode of said MOS transistor being 
separated from said reference voltage generator output at 
least by said further current mirror. lo 

19. The charge-pump circuit as claimed in claim 12 
wherein said reference voltage controls said first and second 
transistors and said third transistor so that the first and 
second current sources supply respective currents that are 
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determined by the source of reference current of said refer- 
ence voltage generator. 

20. The chaige-pump circuit as claimed in claim 19 
wherein said fint and second controlled switches comprise 
transistor switches and said output of the reference voltage 
generator is coupled to a control electrode of the third 
transistor via a conductive fourth transistor of the same type 
as said transistor switches. 

21. The charge-pump circuit as claimed in claim 1 
wherein said first and second supply terminals are energized 
by a DC battery and said first and second current sources are 
coupled in parallel to the first supply terminal. 

« * * * « 
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ABSTRACT 



A charge pump DC/DC converter with reduced noise at the 
input voltage source is provided. The present invention 
includes buck and boost DC/DC converters with added 
circuitry coupled between the input voltage and the switches 
which niaintains a substantially constant input current on 
both phases of the charge pump clock. The added circuitry 
reduces input current variations to provide reduced noise at 
the input voltage source. Feedback loop circuitry coupled 
between the output node and the added circuitry varies the 
current through the switches to control the output current of 
the DC/DC converter in order to maintain the output voltage 
at the regulated value. The added circuitry may comprise a 
variable resistor, current mirror, or current mirrorc. 
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o CHARGE PUMP DC/DC CONVERTERS detailed desaiption considered in conjunction with the 

WITH REDUCED INPUT NOISE following drawLgs, in which the same refere^ Zerals 

BACKGROUND OF THE INVENTION elements throughout, and in 

which: 

•niis invemion relates to charge pump DC/DC conveners. 5 FIG. lA is a schematic diagram of a prior art charge pumo 

More specincally, this invention relates to charge pump DQ^C converter pnor art charge pump 

IX./UC converters with reduced noLse at the input voltage pir in v . ' u r *u 

source. ^ ''^ ^ g^^^P^ of the input current for the charge 

A ,.hur.,« i^/-/r»^ ^^"'P DC/DC converter shown in FIG. lA; 

A charge pump DC/DC amverier ls a power supply pir -jAi... u r v r . . 

circuit thai provides a regulated output voltage to a load lO J;I^^2Ai^^^ 

from an input voltage Jurcc. One type of charge pump ^'^.^,^5^ .'^ . 

DC/DC converter is a switching DC/DC converter power ^ ^ ^^^P*' °^ ^°P"^ ^^r the charge 

supply that uses switches to convert the input voltage to a P"™^ ^^^^^ converter of FIG. 2A; 

regulated output voltage. The switches arc operated in f^G. 3A is a schematic of a boost chaige pump DC/DC 

sequence to first charge" a capacitor from the input voltage i5 converter of the present invention; 

and then transfer the charge to the output. FIG. 3B is a graph of the input current and clock signals 

However, one of the most common drawbacks of switch- charge pump DC/DC converter of FIG. 3A; 

ing power supplies is the noise induced on the input voltage ^IG. 4A is a schematic of another boost charge pump 

source due to fluctuations or variations in the current drawn DC/DC converter of the present invention; 
by the converter power supply. When current flows from the ^0 FIG. 4B is a graph of the input current for the boost charge 

input voltage to the capacitor, the input voltage is loaded pump DC/DC converter of FIG 4A; 

T^nunJfl "^T"^' Whenthe capacitor is nG.4C is another graph of the input current for the boost 

decoupled from the mpui voltage, the input voltage rises. charge pump DC/DC converter of FIG 4A; 

bis^ThT mf^^^^^^^ r'rf "'l^'"' 25 SA is a schematic of another boost charge pump 

level dene^df nl^fn .h i ? "^^""^ "^^r'^' ^^^^ »he present invention; ^ 

level depends upon the equivalent series resistance of the cir «tj u r u • 

input voltage source and the magnitude of the changes in the nr/^^^ graph of the input current for he boost charge 

input current. P™P DC/DC converter of FIG. 5A; 

Certain applications such as cellular telephones, precision J"^^] ' schematic of a buck charge pump C/DC 

instrumentation, etc. are sensitive to noise generated on the ct ^ Y« • 

input voltage. Therefore, noise on the input voltage caused ^ ^'"^P^ ^"P"^ current and lock signals for 

by a power supply must be filtered to prevent degraded *® ^^^^^^ P™P DC/DC converter of HG. 6A; 

electrical performance in other circuitry that is powered 7A is a schematic of a buck charge pump DC/DC 

from the same input voltage source, converter of the present invention; 

It would therefore be desirable to provide a charge pump ^ 8'*^P^ of input current for the buck charge 

DC/DC converter that has reduced noise on the input vohage P^™P DC/DC converter of FIG. 7A; 

so"''ce- FIG. 8A is a schematic of another boost charge pump 

It would therefore be desirable to provide a charge pump DC/DC converter of the present invention; 
DC/DC converter with a substantially constant input current. 40 ^IG. 8B is a graph of the input current and clock signals 

SUMMARY OF THE INVENTION ^"ll^ oT' """^t """"P ^^"^^ °^ 

, . ^. ^ ^ ^l^- is a schematic of another buck charge pump 

It IS an object of the present invention to provide a charge DC/DC converter of the present invention" and 

voha™ce'°"'^ ""^'^ '° ^"P"^ ^^i^^gr^Ph of the input current fo; the buck charge 

vo tage source. p^^^p j^^^^ converter of FIG. 9A. 

It IS an object of the present invention to provide a charge 

pump DC/DC converter with a substantially constant inout DETAILED DESCRIPTION OF THE 

current. ^ PREFERRED EMBODIMENTS 

These and other objects of the present invention are previously known charge pump DC/DC converter 10 
provided by charge pump DC/DC converters including 50 is shown in FIG. lA. Charge pump 10 has capacitor 8 and 

cu-cuitry to reduce variations in the input current, and switches SI, 82. S3, and S4. Charge pump 10 supplies a 

methods for using the same. The circuitry may include an regulated vohage V^^^at an output node from input voltage 

adjustable resistor, current mirror, or current mirrors coupled equivalent series resistance of output capacitor 9 is 

to the input voltage, and feedback loop circuitry. The feed- repre.sented by resistor 12, and resistor 11 represcnLs a load, 
back loop circuitry is coupled to the output voltage, and 55 Switches SiyS3 are switched out of phase with switches 

responds to changes in the output voltage to control the ^2/S4 by clock signals V^^^, and V^^, re.spectively. 

output current of the charge pump to maintain the output Circuit 10 also has resistors 13A and 13B. reference 

voltage at the regulated value. Additional circuitry may be voltage source 14, and hysteretic comparator '16. When 

added to charge pumps of the present invention to provide comparator 16 senses that has risen lo a voltage 

a substantially constant input current during the blanking 60 threshold set by reference 14, the output of comparator 16 

intervals when all of the switches are open. Charge pump goes HIGH causing oscillator IK to stop so that switches 

DC/T)Cconvcrtcrsofthc present invention include buck and S1-S4 remain open and no charge is transferred to V 

boost converters. from V,^. When V^^ falls below the threshold of com^ 

BRIEF DESCRIPTION OF THE DRAWINGS ^u'^^""'- ?^P"* oscillator 18 resumes 

. inc uK/\wiiNu^ g3 the switching of switches Sl-^4. 

Ihe above-mentioned objects and features of the present 'ITie input current into circuit 10 is represented by and 

mvemioncanbemoreclearlyundersloodfromthefollowing Is shown in graphical foon in HG. Ib'^vS^^ 
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between Tmei" m f h"^^ ''t ""^fu^"^ '""^ ""^T"^' '""^ ^ P^*^^^"^ sho"i°g or capacitor 

r?^!fS 4?^ ^ "^^^^ °"*P"* °f comparator 16 8 to ground or 5 w F 

sliowS^n nr ''"ff^ ^'""^^ ^wi^^^*^^ S2/S4 are closed (i.e., conducting current) when 

showrrnc 2rr'^^ ''''^'^ r^^"" ^ ^"^^^"^^ ^ LOW.Vn switchLl2?^^^^^^^^^^ 
r.Zn n ^'c " 5^ ^^^P'"^''"' ^' ^dJ^^^t'l^ 10 ^^"^^ s^i^ch^ S1/S3 are open, input current I,^ flows 

resis or 26 osciUator 25. and switches SI, S2, S3, and S4. from input voltage V,^ through adjustable resistor 38 and 

Uscillaior 25 provides clock signals V^^. and V^^.^ that switch S4 to capacitor 8. An illustrative graph of the input 

control the opening and closing of switches Sl-54 as current 1^^ for circuit 30 is shown in FIG. 3B wherein 

discussed above with respect to FIG. lA. Circuit 20 also has switches S2/S4 are closed between times tl and 't2. When 

resistor divider 21^^210, amplifier 24, and reference volt- switches S2/S4 dose ai time tl, I,^. increases rapidly (i.e., 

age source 22. Amplifier 24 varies the resistance of adjust- spikes). Between times tl and t2, current 1^^ ramps down 

able resistor 26 in response to the voltage at its non-inverting according to the lime constant determined by capacitor 8 and 

input to maintain V^u^/' at the regulated voltage. Adjustable resistance of switches S2/S4 and resistor 38. By 

resistor 26 may be a field effect transistor (such as an ^™»^»"g current 1^, adjustable resistor 38 reduces the input 

N-channel MOSFET) that is operated in its linear region current spikes at time tl, so that variations in input current 
Input current 1,^ is shown in FIG. 2B for circuit 20 At ^° l!"" ^'"^ ^^du^ed during the first half of each switching cycle 

time 11, switches S2/S4 are closed and flows throuch "^^^ ^"'^ ^' ^^^'^^^ rtdudng undesirable low fre- 

adjustable resistor 26. Resistor 26 limits Ihe current and °" "^P"^ 

reduces the spike input current 1^.^. The charge stored in . switches S1/S3 are closed and switches S2/S4 are 

capacitor 8 is limited by resistor 26 when switches S2/S4 are „ ^"^^^ ^^"^^^ ^°P"* ^/.v through 

conducting. However, at lime l3 when switches S2/S4 are adjustable resistor 38 and switch S3 to capacitor 8, and 

open and S VS3 are dosed, the current spike is still unde- ^^^^^^ capacitor 8 through switch SI to the load, 

sirably large. Circuit 20 has less noise on the input voltage c^^'^'?^'' ^"'^ ^^"^ '"^"'^'^ between limes l3 and 14 in 

source because of the reduced input current when S2/S4 switches S1/S3 close at time l3, I^ spikes, 

conduct. Nevertheless, the variations in I^- caused bv drcuit ^ W ramps down according 

20 stiU produce undesirably large input voltage noise char- constant determined by capadtor 8 and the series 

acieristics in the low fi-equency range (i.e., at the switching resistance of switches S1/S3 and resistor 38. Adjustable 

frequency). Undesirable higher frequency noise is caused by ''^sistor 38 reduces the input current spike at time 13 relative 

variations in the input current during each blanking interval ^^^^^^ ^ ^^^^ variations in input current 1,^^. are 

(e.g., between times t2 and t3) when all of the switches are ^^"^^^^^ between times t3 and i4 during the second half of 

open. Another previous known charge pump convener is the switchmg cyde, thereby redudng undesirable low 

LT1054 discussed in LTC's (Linear Technology ^^^^^^cy noise at the input voltage. Thus, adjustable resis- 

Corporation's) 1994 databook controls the input current through capadtor 8 and all 

Charge pump DC/DC converters of the present invention ^^^^^^^^ ^^^S each phase of the clock cycle, 

may include control circuitry coupled to the input voltage 40 current through a capacitor is determined by the 

that reduces variations in the input current. The control ^^^^^^S standard equation: 
circuitry controls the input current during each phase of a 

switching cycle in order to reduce voltage fluctuations on the / = c— 
input voltage source that cause low frequency noise. A 
control circuit including an amplifier and a resistor divider 45 

coupled to the output voltage adjusts the current through the lUe current through a capadtor is determined by the 

control circuitry so that the output current of the converter following standard equaUon: 

matches the load current and the output voltage remains at 

the regulated value. The control drcuitry may include an av 

adjustable resistor, a current mirror, or current mirrors. 50 ' = ^*5r 

Charge pump DC/DC converter 30 of the present inven- 
tion is shown in FIG. 3A. Converter 30 has capacitor 8, ..^ . 

oscillator 25, adjustable resistor 38, and switches SI S2 S3 '^^^ ^^^^ ^^^"^^ capacitor 8 from V,^ when 

and S4. Switches S1-.S4 (and all other switches discussed '^^^^ches S2 and S4 are closed equals the charge that is 

xvith respect to the preseot invention) may comprise FETs 55 5^";^^^""^ '^^^ when .switches SI and S3 are closed, 

(such as MOSFETs) or BJTs (bipolar junction transistors) z!^!^^ * ^^^^^^ condition (i.e., constant load current). 

The circuit components are coupled in a boost arrangement ir^ ""^^^^Se across capacitor 8 (d V J when S2 and 

so that converter 30 regulates an output voltage V^^ that is « ^ change in voltage across capadtor 

higher than V,^. Circuit 30 provides an output current 10 ? (d^n.) when SI and S3 are closed during a steady state, 

load 11 and maintains V^^rr at the regulated voltage. Output 60 quantities equal to each other from equation (1) 

capadtor 9 is coupled to V^^^, Osdllalor outputs clock ^ 
signals V^^^^ and V^^^ which are digital periodic pulse 

waveforms that control the opening and closing of switches dv,x =dv,y = - !f^,y <2j 

SI, S2, S3, and S4. Clock signals V^.^ and V^.^ are ^' ' ^» 
shown in FIG. 3B. V^lk and V^^^ are out of phase with 65 

each other, and iriclude brief blanking intervals when both where C« is the capadtance of capacitor 8, t, is the time 

clock .signals are LOW and all four switches are open (e.g., period that switches S2 and S4 are dosed in each switching 
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clntd ZV^rU '^"^^^ ^"'"i ''"^'f '""^ ^ ^^'^^^^ 3« ^h^^^by ^rrent deliven^d to output 

closed in each switchmg cycle. 1^3 is the average current capacitor 9 and load U to regulate output voltage V^,^ Tht 
through resistor 38, which is about the same during both resistance r^f rf^<:^^tr^r l« « c-f. k« tu^i au TT • 
lime periods. Solving equation (2), it can be seen thaft^.i n ^ n fi? . r 1 ^ ''"'"''"''y 
Therefore, the optimum duty cycle for s^vitches 51-54 ^^ , LS^lB^rS^ f'u' °Thk'T°' '^^f ^ 

50% (ignoring the relatively brief blanking interval). Times f^^^f P^o^'^^s « voltage feedback signal proportional to 
I, and I, are determined by clock signals and V^,^ 9^ non-inverting mput of amplifier 34. Reference 

respectively. voltage source 32 provides a constant reference voltage 

The average output current I^^ of converter (i.e.. the ^^^nal at the inverting input of amplifier 34. Amplifier 34 
average current through switch SI) equals the load current ^^Plifies the difference between the feedback signal and the 
\l during steady state operation. Current flowing through ^° reference voltage, and provides an amplified signal at its 
resistor 38 is only sent to V^^^ for one half of each °^\P"* control the resistance of adjustable resistor 38. 
switching cycle when SI is closed. During the other half of Adjustable resistor 38 may be a field effect transistor (such 
the switching cycle, the output current of converter 30 N-channel MOSFE'I) that is operated in iLs linear 

equals zero, because SI is open. Therefore, the average region. 

current I^e through adjustable resistor 38 must be twice the ^"^^^ current is less than the average output 

average output current 1^,^^. current delivered to load 11 by circuit 30, the excess charge 

- The average current through resistor 38 when switches 82 ^ °° om\^\x\ capacitor 9 and Vour increases by a small 
and S4 arc closed is shown in the following equation: amount. The voltage feedback signal increases proportion- 

ally with ^01x1^ causing the voltage output signal of ampli- 
^ _ - yes • (3) 20 fier 34 to increase. This increases the resisunce of adjustable 

^ /?3» resistor 38 causing the average output current of circuit 30 

to decrease so that ^out is maintained at the regulated 
voltage. 

where R3,istheresistanceofadjustableresistor38,andV,.3 When load current is greater than the average output 
IS the average voltage across capacitor 8. Tlie average 25 current delivered to load U by circuit 30, charge is removed 
current through resistor 38 when switches SI and S3 are from output capacitor 9 by load cur entT a^^^^^^^^ 
closed is shown in the tollo^ving equation: decreases by a small amount Tlie voltage feedback sign'^I 

decreases proportionally with V^^,^ causing the volt- 
/^jB = ^^ -^^c-g- W (4) age output signal of amplifier 34 to decrease. The resistance 

" 30 of adjustable resistor 38 now decreases, causing the average 

output current of circuit 30 to increase so that is 
The current through resistor 38 equals the current through ^^^iniained at the regulated voltage, 
capacitor 8, because the two elements are coupled in series °^ variable resistor 38, DC/DC charge pump 

during both switching states. Therefore, the average current ^o^^^^^^rs of the present invention may include one or more 
through resistor 38 when switches S2 and S4 arc closed as ^"""^"^ mirrors coupled to the input voltage that conduct a 
shown by equation (3) equals the average current through substanlially constant input current in a steady state condi- 
resistor 38 when SI and S3 are closed as shown by equation ^^"^^^^ P^*^ switching cycle. The current 

(4), during a steady state. Solving equations (3) and (4) it ^^'"^^^^ control the input current during each phase of the 
can be shown that V^^ equals one half of ^out ' ^^^^^ (except during the blanking intervals) to reduce 

Suhsliluling \m^i\oxn-2\L and V^«=Vof^2 into equa- ""^^''^^ fluctuations on the input voltage source that cause 
tion (3), one can derive the following equation: ^ ^^^^^^^^^ '"<>P including a transconductance ampli- 

fier and a resistor divider coupled to the output voltage 
Voyy. adjusts the current through the current mirrors so that the 

^ - " ~2~ output current of the converter matches the load current and 

" " IIl 45 the output voltage stays regulated. 

An embodiment of the present invention using current 
Th* ^ 1 n r . ^« mirrors is shown in FIG. 4A, wherein charge pump DC/DC 

Jinl7fi.f iT H K TT' ^If '" ^^^"^'^^ ^""^^^^^^ ^^^^^^^ ^^i^^hes SI and S2, flying capacitor 

amplifier 34 as discussed below) according to equation (5) 8, inverters 41 and 42, oscillator 25, and a current mirLs 54 

tosupplytheloadcurrentI„forselectedvaluesofV,,and 50 and 55. Converter 40 also has feedback drc~hal 

^'#h-.fxii^ 'A- • rr-. includes a resistor divider formed by resistors 47A and 47B, 

ran^e^ t tia V 2V "StT^P ''T'"" ^^'^^'"^ ^^^^^ transconductance amplifie; 

of n^Jr^, ih^."^ ^ ^T""^""^ '^"^ ^""P""^" Converter 40 also includes NOR gale 60, n-channel FET 

of Illustration that R33 equals zero, V,^. is applied across 62, p-channel- FETs 61, 63 and 64, and schollky diodes 67 

capacitor 8 when switches S2/S4 are closed. TTie voltage 55 and 68. Transistors 43146, 50-53 and 61-64 Lyt tbr 

''^Ll^r^^X^^\ T^"^' ^^'•^'tiple, MOSFETs. Switches SI and S2 are coupled 'in a 

V ^ V V ^""^T r^"" '^P^'^^"^ ^ ^^"^^ arrangement so that converter 40 regulates an output 

(V,J plus V is apphcd to V^^. niereforc, V^^ equals voltage M^ut ^at is higher than V,^. ^ 

2V,^ m the Illustrative case where R33 equals zero for boost In circuit 40, switch S4 has been replaced bv inverter 41 

convener 30. This is the maximum value for V When 60 and current mirror 54, and switch S3 has been replaced by 

R3, has a positive no n -zero value. V^^ becomes less than inverter 42 and current mirror 55. Transistors 43 and 44 form 

wice V,^- according to the load current as shown by equa- current mirror 54, because their gates are coupled together. 

'°r^ I . , Transistors 45 and 46 form current mirror 55, because their 

rn^r'fc ? ^^'^ TJ^ ^^'^^^"^^ sales are coupled together. Transistors 44 and 46 may each 

comprises a resistor divider including resistors 31A and 65 comprise a single transistor or multiple transistors coupled 

31B reference voltage source 32 and amplifier 34. TTie together in parallel that have effective gate width-to^enS 

feedback loop is used to control the resistance of variable area.s that are N times the gate widlh-io-length area." of 
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iransistors 43 and 45 respecuvely. This provides current Because the gate width-to-length area of transistor 46 is N 

"aZ 43^6 an^^^ T"'"' ""^^^ ""^^ ^ate wid.h-to-lc„g.h are. of transistor 45 "he 

transistors 43-46 and other current mirror transistors dis- current that flows through transistor 46 equals N times the 

cus^dwuh respect to the present invention may be FETs or eunen, I,, that flows'through transistof^S SoTong as 

Oscillator 25 outputs digital clock signals and ' If*"^""*^^'^ ««Pl>fi=f'»9 ^inks a constant current 1^.^ 

V,^ as with the previous embodiment of HG. 3a!ciS fZLl;'!'. ' h "1' k"^"'' "'^""^ 
signals ^cuc ^cucb 

oscillate out of phase with a 50% ^'"'^'^'^ '""^ . '"^ ^"^^^ '^""^^ 

duty cycle (and may have a blanking interval) as shown in t ^^'^^ ^^'^""^ ^ ^'a- is defined by equation 

FIG. 3B. Clock signal V^.^ controls the opening and 30 ^^^"^ ^'^''''^ ^ 
closing of switch SI, and clock signal Vcljcb controls the 

opening and closing of switch S2. Wm45+^*/4«=/ca/(i+^ (7) 

In the first half of a switch cycle, V^,^, is I X)W and V^,^,^ 

is HKJH. When is I.X)W, transistor 52 Is ON, "^^"^ ^^^s the current through transistor 45, I^,^ is the 
transistor 53 is OFF, and switch SI is open. When transistor 15 ^^"^^^ through transistor 46, 1^;^ is the output current of 

52 is ON, the output of invener 42 and the gates of ^^P^i^c'' a^^f^ equals 1^?^/ when transistor 45 is ON. 

transistors 45 and 46 are HIGH (at V^J, causing transistors ^ shown by equations (6) and (7), current IN when switch 

45 and 46 to be OFF. This turns OFF current mirror 55. is closed equals current I^^ when SI is closed. 

Because is HIGH, transistor 50 is OFF, transistor 51 If iransconductance amplifier 49 sinks a constant current 

L a/.r fT" ? ''/a^''''? ''T^'''' ^ '° «*er of switches SI or S2 

he gates of transistors 43 and 44 are pulled down by the are closed and conducting current. ITius, current mirrors 54 

U^ansconductance amplifier 49 output current I,^, turning and 55 control the current through c pTcTtor TaTthe 

ON current mirror 54. Transconductance amplifier 49 sinks • u u r , capacuor o ana ine 

current I., through its output. Thus, when SsLor sT^ Sing^^^^^^ ! f J^'^^" r'ow 

ON, transistor 43 is ON and current I^„ flows from V 25 ^^^^"'''"^ interval when V^^^ and V^^^ are LOW 

through trar^istors 43 and 51 to ground Sro^ tb^^^^^ TTT^'A^"' ""I.'^' ^ 

of transconductance amplifier 49. Transistor U is al«;o ON (^^^^lout NOR gate 60 and transistors 61-^4 which are 

when transistor 51 is ON, and current flows from V discussed below). Therefore, 1^^ vanes between a constant 

through transistor 44 charging up capacitor 8. ^^^^^ ^^^^ ^^^^^ half cycle of V^^, during a steady state 
Because the gate width-to-length area of transistor 44 is N 30 ^ shown, for example, in the graph of FIG. 4B. The circuit 

times the gate width-io-length area of transistor 43, the ?^ therefore, reduces low frequency noise on the 

current that flows through transistor 44 equals N times the voltage source by maintaining the input current Ij^v at 

current I^^ that flows through transistor 43. So long as ^ constant value when switches SI and S2 are closed. ' 

traiisconductance amplifier 49 sinks a constant current I^m The average output current lour of converter 40 (i e the 
dunng a steady state load current, the current through 35 average current through switch SI over time) equals the load 

transistors 43 and 44, and the mput current I^ remains current 1^ during a steady state. When switch SI is open, the 

constant while switch S2 is cIo«.d. 1,^. is defined by the instantaneous output current of convener 40 equals zero 

following equation when switch S2 is closed: Dunng the other half of the switching cycle, output cu^^ni 

^/A^^«>+/«44-Wi+A0 (6) flo^s to V^yy. through transistor 46 when SI is closed, 

where 1_ is the current through transistor 43, 1,,, is the '^"loT^^^^^^ 

current through transistor 44, ^ is the output Trent of J h^.^ T h ' 7T ^^^^ T"'"'''' 

amplifier 49, and ^ equals I^/when transistor 43 is ON. iT!, 1^"' f hT u^t '' 'T'^'^ 

The source of transistor 50 is coupled to the cathodes of ^^""^^ following equation: 
schottky diodes 67 and 68 as shown in FIG. 4A. The anode 45 

of diode 67 is coupled to V^j^, and the anode of diode 68 is ^l-^S'-^cm (8) 
coupled to V^y^. Thus, when transistor 50 is ON, the source 

of transistor 50 is coupled to the larger of V^^, or V^yj. ^ . current changes, I^^ can be adjusted by ampli- 
through diodes 67 or 68. In circuit 40, V^^^ is generally (discussed below) to match the load current accord- 
larger than V^^, because it is a boost converter. 50 '° equation (8). 

During the second half of a switch cycle, is HIGH The charge that is added to capacitor 8 from V,^ when 

and VcucB is LOW. When Vclkb is LOW, transistor 50 is switch S2 is closed equals the charge thai is transferred to the 

ON, transistor 51 is OFF, and switch vS2 is open. When load when switch SI is closed, during a steady state condi- 

Iransisior 50 is ON, the output of inverter 41 and the gales lion. Assuming for purposes of illu.slration that Rryf^of^ 

of transistors 43 and 44 are HIGH (at V^^), causing 55 transistors 44 and 46 equals zero, V,^ is applied across 

traasisiors 43 and 44 to be OFF This tums OFF current capacitor 8 when switch S2 is closed. When switch SI 

mirror 54. Because V^^^. is HIGH, transistor 52 is OFF, closes, the voltage across capacitor 8 (V^^) plus is 

transistor 53 is ON, and switch SI is closed. When transistor applied to V^^. Therefore, equals 2V,., in the 

53 is ON, the gates of transistors 45 and 46 arc pulled LOW illustrative case where the R^^^^, for transistors 44 and 46 

by the iransconductance amplifier 49 output current l^j^, 60 <^quals zero for boost converter 40. This is the maximum 

turning ON current mirror 55. Thus, when transistor 53 is value for V^^^. As Kj,son is increased above zero in a 

ON, transistor 45 is ON and current 1^^ flows from V,^- steady state, V^^ becomes less than twice V,... Thus 

through transistors 45 and 53 to ground through the output ^our^^'^iN- 

of transconductance amplifier 49. Transistor 46 is also ON The change in voltage across capacitor 8 (dV ) when S2 

when transistor 53 IS ON. causing curr^ 65 is closed equals the change in volta^ across ^ti^^^ 

S Ssi to V ' ^'^-^ closed.'setting the'se quan'tt^^'eq^^^^^^ 

inrougn switch bl to V^^^. ea^^h other from equation (1) it can be seen that: 
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transistor 61 is ON, p-channel transistors 63 and 64 are OFF, 
rfVrf BrfWir = —^ix = ^ W because the gates of transistors 63 and 64 are pulled HIGh! 

^' Transistors 63 and 64 form a current mirror, because their 

gates are coupled together. N is the current gain ratio of 
where Cg is the capacitance of capacitor 8, I^m is the output ' 'f^nsistor 64 to transistor 63. Thus. N is the gate width-to- 
currenl of Iransconductance amplifier 49, i, is the time ratio of transistor pairs 64 to 63, 44 to 43, and 46 to 

period that switch S2 is closed in each switchuig cycle, and 

ly is the lime period that switch SI is closed in each ^* source of transistor 62 is coiqiled to the output of 
switching cycle. Solving equation (9), it can be seen that transoonductance amplifier 49. When both V^^, and V^.^ 
t,=t,.. Therefore, the optimum duty cycle for switches SI and are LOW concurrently, the output of NOR gate 60 is HIGH, 
S2 IS 50%. Times t, and t„ are determined by clock signals causing N-channel FET 62 to be ON and p-chaonel FET 61 
VcLKD and V^ur, respectively. to be OFF. When transistor 62 is ON, amplifier 49 sinks 

Qrcuit 40 regulates the output voltage V^^r to a prede- current to ground through transi.slc.r 62, turning tran.si.siors 
termined value using the feedback loop comprising resistors 63 and 64 ON. When iransLsior 62 is ON, 1„„ fiow.s from 
h!^^,!!"^ I'-fi^ ^o'^'d .source 48, and transcon- 15 V,^ through transistors 63 and 62 and to ground through the 

ductancc amplifier 49. Resistor divider 47A/47B outputs a output of amplifier 49. Also, when transistor 62 is ON 
voluge feedback signal at the inverting input of amplifier current flows from through transistor 64 to ground 
r^^" * ""'P"" ' Therefore, I,^ is defined by the foUowing equation during 

voltage at the non-mvertmg input of amplifier 49. When the blanking intervals with circuitry 60-64: 
^our vanes from the predetermined value by a certain 20 

amount (e.g., due to changes in the load current), the '/Wa(«>+/««-^c«(J+AO (lO) 

feedback voltage at the inverting input of amplifier 49 varies where is the current through transistor 63 and is 
proportionaUy to V,^.^. Amphfier 49 then varies the current the current through transistor 64. Hereford uXiTthe 
„^ and sinks it to ground in response to the changes in the blanking interval equals I,^ when SI is closed Tnd when S2 

wh.^v^ " '"""""^ ^ ^ C»"«t V flows continuously throughout each 

When V^^.^ increases m response to a decrease in the load switching cycle and is substantially constant during a steady 
current, the output current of amplifier 49 decreases so that state as shown in FTG. 4C (with circuitry 60-64) The cate 
the current through current mirrors 43/44 and 45/46 capaciUnce of transistors 63 and 64 should not be too large 
™T 1 subs«,ueDi cycle. TTie output current of so that these transistors can turn ON quickly during the 
converter 40 is reduced m each cycle to match the load 30 relatively brief blanking intervals 

current and to maimain V^^^ at a regulated volUge. When A further embodiment of the present invention is iUus- 
Vot,T decreases in response to an increase in the load trated in HG. 5A. Charge pump DC/DC convener 70 
current, the output current of amplifier 49 increases so thai includes oscillator 25, p-channel FETs 75 and 76 resistors 
the current through current mirrors 43/44 and 45/46 71A and 71B, reference voltage source 72. transconduciance 
increases in each subsequent cycle. The output current of 35 amplifier 74, capacitor 8, and switches SI. S2, S3 and S4 
converter 40 increases in each cycle to match the load Switches S1-S4 are coupled in a boost arrangement so that 
'''"'iJ!^.^ maintain V„,^ a, a regulated voltage. converter 70 regulates an output voltage V^^^that is higher 

Becau.se charge ls only transferred to output capacitor 9 than V,^.. Transistors 75 and 76 form a^tent mimr 
every half cycle of V^^, when switch SI is closed, V^^,.^ because their gates are coupled together and to the output of 
oscillates up and down durmg every cycle due to the 40 transconduciance amplifier 74. Transistor 76 conducts M 
presence of equivalent series resistance 12 and the charging times the current conducted by transistor 75, because M is 
and discharging of capacitor 9 in the output circuit. If the the current gain ratio of transistors 76 to 75 
switching frequency is not much higher than the pole set by Switches 82 and 84 are switched out of ohaie with 
output capacitor 9 and load II, the output current of ampli- switches SI and S3 in each switching cycle by osciDator 25 
fier 49 also ripples up and down with the output voltage in 45 as with the previous embodiments. TTie time that switches 
each switching cycle. TTns causes a triangle shaped wave- S2/S4 are ON equals the time that switches S1/S3 are ON 
torm 01 mput current I,^ which mcreases noise at the input as with the previous embodiment. Thus, switches S1-S4 
voltage source. To reduce this ripple current effect, the each have a 50% duty cycle 

output capacitor 9 or the switching frequency can be When switches S4 and S2 are closed, current flows from 
increased to reduce output voltage ripple. Reducing the 50 V,^ to capacitor 8 through transistor 76 and switch S4 When 
output voltage npple can provide a substantiaUy constant switches S3 and SI are closed, current flows from to 
input current when switches 81 or 82 are closed (during a capacitor 8 through transistor 76 and switch S3 and from 
steady state), as sho wn m FIG. 4B. capacitor 8 through .switch SI to V^^. Input ^u^en T 

Charge pump DC/DC converters of the present invention equals the current through Iransi.slor 75 plus the currt:m 
may also shunt mput current 1,^. to ground during the 55 through transistor 76. A continuous current flows through 
blanking intervals to produce a more constant IN during transistor 75 thai equals the output current 1„« of transcon- 
each cycle. An example of circuitry that may be added to a ductance amplifier 74. The current through transistor 75 is 
1''^ Pi,^^"' invention is shown in FIG. independent of the switch states of switches S1-S4 When 
4A. NOR gate 60 and FET transistors 61-64 may be added cither of switches S3 or S4 arc dosed, a currcni flows 
to charge pump 40 « shown in FIG. 4A to shunt current to 60 through transistor 76 from V,;,. That current equals M limes 
ground dunng the blanking intervals. the current I^^ through tranristor 75. 

'^^■""T"'", '*y"°8 P"iod °f 'he TTie current'through transistor 76 is substantiaUy constant 

clock .gnals when "olh V^^ and V^;,„ are LOW con- as long as the current I«« through transistor 75 is constant. • 
currently as shown in H(i. 3B. When either V^^ and because M is a constam. Trai^conductance amphfier 74 
VcufB are HIGH the output of NOR gate 60 is LOW 65 sinks a constant current 1^^ to ground during a steady state 
causmg transistor 61 to be ON and transistor 62 to be OFF. as long as the switching frequeScy is much higher than the 
Transistors 61 and 62 form an inverter. When p-channel pole cau.sed by capacitor 9 and load 11. Therefore, the 
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current through transistors 75 and 76 and 1,^,. remains When switches S5 and S6 are closed capacitor 8 is 

constant dunng a steady state. The current through trat^islor coupled to V^^ ihmugh switch S5 and to ground through 

75 ts tj-pjcaUy a small fracuon (1/M) of the current through switch S6. lUerefoie. the voltage on capacitor 8 equals 

transistor 76 (eg M=100). Therefore. ^ equals approxi- Switches S7 and S8 arc ctoscd after switches S5 and 

mately M times 1^^. except during the blanking intervals 5 S6 open. CapaciiorS is then coupled to the drain of'Stor 

when 1,;, equals zero. An example V waveform during a 76 through switch S8 and to V^^ through switch S7 

steady state .s shown tn FIG. 5B. Current mirror 75/76 Current flows from V,, to capacito^sIhroS sw tcS an^^ 

con rols the current through capacitor 8 and the four transistor 76. and current flows from capfci or 8 throS 

swaches dunng each phase o the clock cycle. switch S7 to load 11. The voltage drop across capac tor 8 is 

THe average output current Wof converter 70 (i.e., the lO still a. V„„,. when switches S7 Ind S8 close The voUaee on 

average current through switch SI over time) equals the load the upper plate of capacitor 8 (coupled to^.tch 88) S°o 

current I, dunng a steady state. When switch 81 is open, the 2V^^. because the lower plate oLplcZ s l SupTd to 

rV"rf "'^ •^1""*=^" '^^""'-'^ '^rcmgh .switch S7. Ac vohage acr-^ traaSeS 

?orf. V 1 u . '^''t"K'''o' V,,-2V„^. -l-herefore. the regulated value oTv 'J! 

flows to V„ through transistor 76 when 81/33 are closed, is must be less than or equal to one half of so that cur^m 

Therefore, the average cunent through transistor 76 must does not flow from v' ^ to V,„ (V < V pT 

equal tw.ce the average output current l^^^The relationship The current through tr^istor76 i^^"staS kUy constant 

between the load current and I,^ ,s shown by U,e following as long as the current through transistor 75 (C JJconS! 

^ and the switching frequency is much higher than the pole 

h-^icAi (ji) 20 caused by capacitors 9 and U, as discussed above. 

. r ^^^refore, the current through transistor 76 and L., remains 

T^ maxmium value for V,,, in convener 70 equals 2V,, constant during a steady state when S8 f cto«d ^ 

.D the Illustrative case where the R^,„,. for transistor 76 example I,^ waveform during a steady stafe is shownin FIG 

'"R^i^JlAl 71 hT'"" ^ 68. is approximately zero' when V,,^ is LOW. t^cfu^e 

« J^?,f'°%!lAand71B form a reastor divider that o^^^ 25 switch S8 is open, transistor 76 is OFF. and current 

a vol age feedback signal proporUonal to V^ur at the through transistor 75 is negUgible (e g between l2 ^d ?*^ 

mverting input of transconductance amplifier 74. Reference The average output cur^m ij^ of 'cx,nver er 90 e^uat 

voltage .source 72 outputs a consunt voltage at the non- the load current 1, during a .steady ^ate Outnu oirrVntTws 

"4 3^:mouT^::'^'^?Tr^^^^ •oV,,^fromca^pacitor'8during^achha7oftrs;i^^^^^^ 

trat^^or 75 r^he vi^ f \ '"i^""^- "y"' '^'^^^ ^^"en 87 is closed. THe output 

transistor 75 as the voltage feedback signal at its im^erting current of converter 90 equals the current through transistor 

input changes in order to regulate V^^. 76 when it is ON (v iiirm transistor 

The oiitniii fiirrpni nf r,r/r,n . m ■ ■ , (^clkb HIGH). The current through 

iHe output current of DC/DC convener 70 vanes with transistor 76 when it is ON equals approximately M times 

When V increases, transconductance amplifier 74 35 current and is shown by equation (P)- 

decreases IcM, causing the current through transistor 76 and ^ '' 

the output current of convener 70 to decrease. When ^out 'l'>^'cm (32) 

'^"iscottductance amplifier 74 increases 1^^, The feedback loop (comprising amplifier 74. i^or divider 

causing the current through transistor 76 and the output 71/V71B, and referenced) deteni^es the ou^ ^rr^nt of 

current of converter 70 to mcrease. Amplifier 74 causes the 40 converter 90 by varying oulpulT^^ni °o 

curren through transistors 75 and 76 to increa.se or decrease equation (12) so\haUhe'currem t^^gh t ftTsi^S wh n 

so that the average output current of converter 70 equals the it is ON equals I iransisior /o wnen 

'° A ZT' """'"^g •5|^;:°"»g« feedback signal. Current minor^ transistor 76 sets the amount of current 

6A SaS numo TT 1 ''''' '° « ^-'^^^^ S7 and 88 are closed 
6A. aargc pump DC/DC converter 90 mcludesoscUU 45 thereby providing a substantiallv constant current I,,, as 

Sur« 72 trTn^nd'^r'"'' It' ^^fe«.'>'=<= -"''"g" "hown in FIG. 6B between times tl and t2. Convemr' 90 

rs^I ;„H 7iT r T."*"?^^^^^^ ^"'"'^^ i°P"' voltage by providing a 

Ss^rlunllH n'^f ''^^^•^'''^^•'"'^l*-^^^^^ i"P"' ^"^^^■« ^he° switch 88 k closed. ^ 

filr.^r^r'^ H """^ <»^«;fi«nient so that DC/DC A further embodiment of the present invention is iUus- 
coDverter 90 provides an output voltage V^^, that is lower 50 trated in FIG. 7 A. Charge pump DC/DC converter UO in 

tra,^3Li4'L^rfi " 7f ""^ ^PP"«^ ""'P"' '° '^od 11 to regu?at output 

l.Zlt , f 7n ^^-J "^'l''':,"-'-"*'^ ''^"^^ "^''P'^' iransccnductance amplifier 74, reference voltage 

to boast converter 70 ,n HK. 5A. Transconductance ampli- source 72, current mirror transistors 75 nd 76, oscilla „ 25 

tf rl H un ' P '"'J"" ""^ ""'P"' "'P'^'^'^^' » ''"d and ^^vitches 85, 86, 87 88 SIS S16 

ten nf n' . '''"""'^ ''"'^ ^18. Switch^ S5-88 and s,;itch« SlS'com 

in ening input. P^,^^ converters that are coupled in 

In buck charge pump DC/DC convener 90, switches 85 parallel with each other between the drain of transbwr 76 

and 86 arc closed togc her while switches 87 and 88 are and V^^. In buck charge pump DC/DC a,nvenrU0 

TJ^r\^?1£^^, c":'u^"^^^^^^ ^""^"^ S5^8' ""^"'^^^ 25. transconductance ampimer 

87 and 88 are closed together while switches 85 and S6 are 74. reference 72. and resistor divider 71A/71B opiate L 

open in the second ph^ of each switching cycle. Switches discussed above with n:spect to FIG. 6A 

cS when r ' f JlGH'andtn ^"'f « !« Switches S15/S16 are switched out of phase with switches 

Z^Z li ^ H T" ^^''^hes S17/S18 are switched out of phase with 

openthen V fs lSw S ^"T T'^'^^^ '"''^"^ ^' ^16 'are closed 

open when V„«, is LOW. TTie clock signals are shown m when is HIGH and open when V^^^ is LOW 

Switches S5, 86, S17, and 818 are clo.sed when Wcuc is 
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JlSnvf sn<? J*!'" V' ^ ^"'^ "^""S" 1«» Of 1«. In circuit 120, W„„ is 

t^ZslZ.t^^llfX^i^ . . ■ g"«""y''"Eer.hanV^. because i. is a boos, convene so 

When switches S15 and S16 are closed, capacitor 100 is that transistor 121 is coupled to V^,^ when it conducts 

coupled to VouT through switch S15 and to ground through current conaucts 

V Stil^r^fr H ci»'"^' ,°" '.'•'f ' O^"'""*' 25 outputs digital clock signals V^. and 

and S16 open. Capacitor 100 is then coupled to transistor 76 interval as shown in FIG. 8B. Clocklknal V„ ^ controls the 

cZSflrl ''I"" ^9-,'5?>"8'' S17. opening and closing of switches SU^ndSU and clock 

76 and swi ch S18 and current flows from capacitor 100 lo S13 and S14. When V,.^ is LOW, transistor 123 is ON 

cZf a ^acitor'L'" H ^''^"^ 7"'^^ '^"P ^^4 is OFF. anTswitcbes S13 Tnd S14 are o Jn! 

across a capacitor cannot change instantaneously, the voU- When transistor 123 is ON, the output of inverter 123/124 

I'hr. 5c^s"^73^1 « ! ''t^"" T.""^ f .7"^*="' '"^ sales of F-channel transistors 130. 132, and 134 are 

of capacitor 100 (coupled to switch S18) rises to 2V„,^ 15 OFF When V^^, is HIGH, transistor 121 is OFF transistor 
tZ. v^ich sS'^'^ " Tf','^' '° ^ -"-i'ches Sll and S12 arcLrWhen 

InZt h^f.f .K • Yf,'^,""^^^'''' °' is ON, the gates of transistors 126 and 128 are 

equa to one half of the voltage of V for DC/DC converter pulled down by the output current 1^^ of transc««,ductance 
cl!v . ^'ir ^ ''^ (Vo^SV,V2). as with amplifier 154. Thus, when transistor 122 is ON. transSor 

n„ . u u 20 126 is ON and current \c„ flows from through transis- 

charo Tmn Drmr "°"T"' ""^ '"'^ ^^6 and 122 to ground through the output of transcon- 

charge pump DC/DC converters working in parallel: ductanccampUfier 154. I^^ is the output current of amplifier 
o^^dt cnS ^°fh """'''"h f 't^'*- 154. WisL 128 is al^'oN when trans'or 126^ ON 

TJ^Z^lflfluT"^^^^^^ '=""^8 '° flo^ V- '"rough transislo 

through transistor 76 (M l^;^) charges up capacitor 8 with 25 128 and charging up capacitors 140 and 142 

Te ™, h":'"" ^tt"^ ^ LOW. transistor 121 is ON. transistor 122 

l^LcTl, ITTi \^ 9*'^<"^^ "P O"^' •^^"'^•'^•■^ Sll and S12 are open. When tran.sistor 

c oid7«T N T.""' ^k'"^^"?" """^ 121 is ON. the output of inverter 121/122 and the gates of 

closed (S8 open). TTius, the load current IS determmed by the transistors 126 and 128 are HIGH (at V^,^) causine 
folloxving equation: 30 transistors 126 and 128 to be OFF When V^^Jis HIGH^ 

transistor 123 is OFF, transistor 124 is ON, and switches S13 
= (13.) and S14 arc closed. When transistor 124 is ON, the gates of 

transistors 130, 132, and 134 are pulled down by the output 

current X^j^ of transconductance amplifier 154. Thus, when 
The input current I^^ is continuously flowing from V^^. transistor 124 is ON, transistor 130 is ON and current l^j^ 
through transistor 76 during each half cycle except during ^^^^ through transistors 130 and 124 to ground 

the blanking intervals. The input current Ij,^. is constant as trough the output of transconductance amplifier 154. Tran- 
long as l^M is constant as shown by the foUowing equation* when transistor 130 is ON. 

A current equal lo N l^^^^ flows from V^^ through transistor 
^jA^M+iyicM (14) 40 132 and capacitor 142 to V^^;,. A current equal to N I^^ 

Aarur.hr.ex ' u • i7Tr> ^T. ^ ^Iso flows from Vjj^ through trausistor 134 and capacitor'l40 

A graph of 1,^^ is shown m FIG. IB. Current mirror transis- to V^^fj. 

lh!J 2'°''''!^ ^"""^T if P^!^^^^°^ .V ^ri°g Because the gale width-lo-length ratio of transistor 128 is 

inrvni/i?r '"'^'^''^S '^^^ ^ g^^^ widlh-to-length ratio of transistor 126, the 

I ZlTe^u^^^ . f K . u 45 current thai flows through transistor 128 equals N times the 

catt^^yZ ? ' ' pump DC^c current I^^ that flows through transistor 126. So long as 

converter of the present mvenuon is Ulustrated in FIG. 8A. transconductance amplifier 154 sinks a constant cu^ent 

Converter 120 in no. 8Am^^^^^^ during a steady state load current, the cur n^hS 

formed by P-channel FET 121 and N^hanncl FET 122, an transistors 126 and 128, and the input current I eS 

inverter fomied by P-channelFET 123 and N-channelFET so constant while switche; Sll andTl2 T c os^d P i 

InH'iT'"' °^^^^^25 that includes P-channel FETs 126 defined by the following equation when switches Slllnd 

S 132 3 m""" f ^hat includes P-channel FETs S12 are closed, where 1,, is the current through transistor 

In S13 and S14 r ZT , i^^r^'^r ^''^ ^"^ ^^^--^ ^•'^ ^"^^^"^ transistor ^8: 

MZ, SIJ, and S14, re.sislon; 150A and 150B, reference 

voltage source 152, transconductance amplifier 154, and s.-; '//»-'c»/+/j,;e-Wi+AO (is) 

''Trl'nLt°f M,«^^f ■ u ^'"""^ "^^ ^''^ widih-.o-length area of transistors 132 

Trans slors 126 and 128 form a current mirror because and 134 are each N/2 limes the gate widlh-lo-Iength area of 

their gates arc coupled together Transistors 130, 132, and transistor 130. the current that flows through each of tran' 

134 form a current mirror because their gates arc coupled sistors 132 and 134 equals N/2 times the current that 

tS^r m^N^' "r"' °^ '7"''"°' *° ""°"6h iransisior 130. So long as transconductance 

transistor 126. N/2 is the current gam ratio of transistors 132 amplifier 154 sinks a constant currenT during a steady state 

and 134 to transistor 130. ,oad current, the current through transistors 130, 132 and 

The source of transistor 121 is coupled to the cathodes of 134, aod the input current remain constant while switches 

schottky diodes 160 and 162 as shown in FIG. 8A. THe S13 and S14 a« closed. CI defined by equation aeTwhen 

aj^de ofdiCKieieOjscoupled to V^, and the anode of diode 65 switches S13 and S14 ar^closed. wheL ^ Tthe cuTrent 

162 « coupled to V^^ TTius, when transistor 121 is ON. through transistor 130. 1^, is the current through trans^to 

the .source of transistor 121 is c-oupled lo the larger of V,, 132. and U,^ is the cu'^em through iransS34 
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Aa-W/«»,+/*,.3.-Wuao (16) ouipuj node. The outpu! current of convener 120 equals N 

Thus, if iransconduciance amplifier 154 sinks a consiani ^^^^ current through transistor 132 plus the current 

currenil^^^,!,^ remains constant when switches SU/S12 or ^^^^^^^ transistor 134) when switches S13 and S14 are 

S13/S14 are closed. closed. Switches S13 and S14 are closed during of the 

During the blanking interval when V^^^. and arc °^ ^^^^ ^^^^^ ^ ^^^^^^ Therefore, the 

LOW concurrently, and switches SI and S2 are open, I,^ is ^"^^^"^ defined by the foUowing equation: 

zero. Therefore, I,^ varies between a constant value and zero /t---W/c« ^-6/,^- 08) 

twice during every cycle of the clock signals during a steady u ki • . 

slate as shown, for example, in the graph of FIG 8B The ^ N is substantially larger than 1 (e.g., N=100), and thus 

circuit of FIG. 8A, therefore, reduces low frequency noise at W ^5''^^ ^ ^om- 

the input voltage source by maintaining the input current Lj^ , "^"^^ regulates the output voltage 

^ OUT ^ p re- 
al a constani value when swiiches S11/S12 or S13/S14 are aeiermined value using the feedback loop circuitry compris- 
closed. 'ng resistors ISOA and 150B, reference voltage source 152, 
The charge (hat is added to capacitor 140 from V.„ when transconductance amplifier 154. The feedback loop in 
switches SIX and S12 are closed equals the charge that is «^nv«f'er 120 operates to adjust the output current to match 
transferred to the load when switches S13 and S14 are '■ ""^^^^^ ^om in response to changes in V^^;,. in the 
closed, during a steady slate condition. Therefore, the ^^"^ fashion as the feedback loop comprising resistors 
change in voltage across capacitor 140 (dV^ when Sll and 7^^^^' fe^rence 72, and transconductance amplifier 74 
S12 are closed equals the change in voltage across capacitor ihe pervious embodiments. 

140 (dV^) when S13 and S14 are closed. Setting these ^° ^ ''''' embodunent of a buck charge pump DC/DC 

quantities equal to each other from equation (1) it can be ""^^erter of the present invention is illustrated in FIG. 9A. 

seen that: Converter 200 in FIG. 9A includes oscillator 25, current 

mirror transistors 75/76, two buck charge pumps coupled in 

N (17) "''feedback loop circuitry that comprises resistors 

dv,-dv - IlISL, 2 ''°" " '^1^' reference volUge source 72, and transcon- 

' " "~ c,« " - c,« '« ductance amplifier 74. The first buck charge pump com- 
prises capacilois 210 and 212, and switches S21, S22, S23, 

wh.r. n ,u •. r • - . .second buck charge pump 

where C,^ is the capacitance of capacitor 140, t^ is the time comprises capacitor 214 and 216, and switches SM S32 
period that switches Sll and S12 are closed in each switch- 30 S33, 834, S35. S36, and 837. Sv^i.ches ^"2^23 are 

mg cycle, and t^ is the time period that switches 813 and 814 switched out of phase with switches S24/S25/S26/S27 and 

h!.11°^ H K "=V^''=»""S ^<='e- p-nes T, and T^ are switches 831/832/833 are switched out of phase with 

determmed by clock signals and respectively, switches S34/S35/S36/837 by the clock signals Switches 

tha are shown for example, m Ra 8B. Solving equation 821/822/823 are switched oul of phase with^tchrs Sl 

d ^ "^f ? ^r^^-*- S32/S33, and switches 824/S25/S26/S27 are svXhe^ out of 

and S14 are closed twice as long as switches 811 and 812 are phase with sxvitches 834/835/836/837. Each of switches 

closed m each switching cycle S21-827 and 831-837 have a 50% duty cjde 

tra^Sri2?'nTr;'i°4 f °° "'I"' °^ ""'P"'^ '"Sital clock sisals V^^ and 

transistors 128, 132 and 134 equals zero, V,^ is applied V^^. Clock signals and V^.^ may have a bhnking 

rinTn H ,f "''"'"'^'''''"^"'"''^^ ^ C^^'^" signal 1^,^ c^^b L opening and 

one V ° H '^^P^.^^^^^^'^"''^ ^^O, and closing of .switches 821/822/823 and .switches S^/S35/S 

one h If of V,^drops across capacitor 142. When switch S13 S37. Clock signal controlsthe opening and clasingof 

and 814 close the voltage across capacitor 140 (V^) plus switches S24/S25/S2WS27 and switches S3 1/832/833 

142 7vm.ul^^^°'^' f voltage across capacitor Switches S21/S22/S23 and S34/S35/836/S37 are closed 

I^i^iVr^ ^ ^, V^^}""^ '° ^"'^ Therefore. V^^ 45 when is HIGH and open when V^. is LOW. Swiiches 

equals times the illustrative case where the R^^ S24/S25/S26/S27 and 831/S32/833 arf^losed when V,, ' 

for transistors 128. 132. and 134 equals zero for boost is HIGH and open when V-^ is LOW Switches 824,125/ 

converter 120. THis is the maximum value for V,„. When S26/S27 are closed during o^Tphase of the cS signalf and 

RosoM >s inCTeaswl above zero m a steady state. switches S34/S35/S36/837 are closed during the other phase 

becomes less than 3V,^. Thus, V^^i3VV2. As the load 50 of the clock signals. Thus, the two buck charge pump! 

current changes. I^^ can be adjusted by amplifier 154 821-827 and 831-837 coupled in parallel provide a con- 

w^^llf^, "'"'^ '"P-'-'^-^^'P"' s'ant input current W during each phase of the clock signals 

uudge raiio. .^^ example, in FIG. 9B (except durina the 

To achieve a constant input current in each phase of the blanking intervals). Illustrative waveforms for clock signals 

clock signal m boost converters of the present invention, the 55 V^^, and V^^ in converter 200 are shown in FIG 9B ' 

duty cycle ratio of at least one of the switches is selected to The input current through current mirror transistors 75 

be equal to the minimum mput-to-output voltage ratio. For and 76 is constant and is set bv output current I of 

example minimum input-lo-output voltage ratio of circuit transconductance amplifier 74. iis discussed above with 

20,s /,of.hat,ncircu.t l20o^^ ,,3p,,, F,g. 5A. Because eacL chatge pump S2S7Tnd 

of switches S13/814 IS also % with respect to the switching 60 831-837 provides one half of the required load current 1, 

period. The duty cycle ratio of the switches may be selected the load current for converter 200 is defined by equation (13) 

to obtain a different input-to-output voltage ratio and to during a steady state 

achieve constant input current V^^ is applied across capacitors 210 and 212 when 

-nie average ou put current l^ur of converter 120 equals switches S21, 822. and S23 are closed. One half of V„,,, 

the load current ^ during a steady state condition. The 65 drops across capacitor 210 and one half of V„,^ drops 

output current of converter 120 is zero when switches S13 across capacitor 212. When switches S21-S23 open and 

and S14 are open, becau.se there is no current path to the switches S24-S27 clo.se, capacitors 210 and 212 are both 
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coupled between V^^ and Vaur A voltage equal lo ^007^'^ 
now drops across capacitors 210 and 212 relative to V 
Therefore, the voltage across iransisior 76 equals 

Thus, the regulated value of for convener 

200 must be related 10 V^^, according to the following 
equation so that current does not flow from ^our *o ^tN- 
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Persons skilled in the art further will recognize that the 
circuitry of the present invention may be implemented using 
circuit configurations other than those shown and discussed 
above. For example, a variable resistance may be used in 
place of current mirror 75.^6 in the buck embodiments of 
FIGS. 7A and 9A. All such modifications are within the 
scope of the present invention, which is limited only by the 
claims which follow. 

What is claimed is: 

1. A method for regulating a voltage at an output node of 
a boost voltage regulator, the method comprising: 

providing a first capacitor; 

providing a first switch coupled between the first capaci- 
tor and the output node; 

providing a second switch coupled to the first capacitor; 

controlling the first and second switches to alternately 
charge the first capacitor from an input voltage and 
discharge the first capacitor to the output node; 

monitoring the voltage at the output node to generate a 
control signal; and 

controlling the current flowing through the first capacitor 
in response to the control signal when the first switch 
is closed. 

2. The method of claim 1 wherein: 
monitoring the voltage at the output node to generate the 

control signal comprises monitoring the voltage at the 
output node using a resistor divider to generate a 
voltage feedback signal. 

3. The method of claim 2 wherein: 
controlling the current flowing through the first capacitor 

in response to the control signal comprises controlling 
the current flowing through the first capacitor when the 
first switch is closed in response to the output signal of 
an amplifier that compares the voltage feedback signal 
to a reference signal. 

4. The method of claim 1 further comprising: 
controlling the current through the first capacitor in 

response to the control signal when the second switch 
is closed. 

5. The method of claim 1 further comprising: 
providing a third switch coupled U) the first capacitor, 

wherein the third switch is closed when the first switch 
is closed; and 

providing a fourth switch coupled to the first capacitor, 
wherein the fourth switch is closed when the second 
switch is closed, 

wherein the first switch is switched out of phase with 
the seamd switch. 

6. The method of claim 1 further comprising a current 
mirror that conducts current from the input voltage during a 
blanking interval when the first and the second switches are 
open. 

7. A method for regulating a voltage at an output node of 
a boost voltage regulator, the method comprising: 

providing a first capacitor; 
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providing a first switch coupled between the first capaci- 
tor and the output node; 

providing a second switch coupled to the first capacitor; 
controlling the first and second switches to alternately 
charge the first capacitor from an input voltage and 
discharge the first capacitor to the output node; 
monitoring the voltage at the output node to generate a 
control signal; and 

controlling the current flowing through the first capacitor 
in response lo the control signal when the first switch 
is closed, by providing a variable resistance in series 
between the input voltage and the first capacitor when 
the first switch is closed, 

wherein the variable resistance is responsive to the 
control signal. 

8. The method of claim 7 wherein the variable resistance 
comprises a transistor. 

9. A method for regulating a voltage at an output node of 
20 a boost voltage regulators the method comprising: 

providing a first capacitor; 

providing a first switch coupled between the first capaci- 
tor and the output node; 
providing a second switch coupled to the first capacitor; 
controlling the first and second switches lo alternately 
charge the first capacitor from an input voltage and 
discharge the first capacitor to the output node; 
monitoring the voltage at the output node to generate a 
control signal; 

controlling the current flowing through the first capacitor 
in response to the control signal when the first switch 
is closed; and 

controlling the current through the first capacitor in 
response to the control signal when the second switch 

is closed, 

by providing a variable resistance in series between the 
input voltage and the first capacitor when the second 
switch is closed. 
10. A method for regulating a voltage at an output node of 
a boost voltage regulator, the method comprising: 
providing a first capacitor; 

providing a first switch coupled between the first capaci- 
tor and the output node; 

providing a second switch coupled lo the first capacitor; 
controlling the first and second switches to alternately 
charge the first capacitor from an input voltage and 
discharge the first capacitor to the output node; 
monitoring the voltage at the output node to generate a 
control signal; 

controlling the current flowing through the first capacitor 
in response to the control signal when the first switch 
is closed, 

by providing a current mirror, wherein current flows 
from the input voltage through the current mirror to 
the first capacitor. 

11. The method of claim 10 further comprising: 
controlling the current through the first capacitor when the 

second switch is closed by providing the current mirror 
which is responsive to the control signal. 

12. A method for regulating a voltage at an output node of 
a boost voltage regulator, the method comprising: 

providing a first capacitor; 

providing a first switch coupled between the first capaci- 
tor and the output node; 
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providing a second switch coupled lo the first capacitor; 

comroUing the first and second switches to alteroaiely 
charge the first capacitor from an input vohage and 
discharge the first capacitor to the output node; 

mooiloring the voltage at the output node to generate a 
control signal; 

coDirolling the currcni flowing through the first capacitor 
in response to Ihc control signal when the first switch 
is closed; 

controlling the current through the first capacitor in 
response to the control signal when the second switch 
is closed by providing a first current mirror that con- 
ducts current when the second switch is closed; and 

wherein controlling the current flowing through the first is 
capacitor in response to the control signal when the fiist 
switch is closed comprises providing a second current 
mirror that conducts current when the first switch is 
closed. 

13. The method of claim 12 wherein the current a)n- 
ducted by the first and second current mirrors is responsive 
to the control signal 

14. The method of claim 12 further comprising: 
providing a sea)nd capacitor coupled lo the second 

switch; 

providing a third switch coupled between the second 

capacitor and the output node that is closed when the 

first switch is closed; and 
providing a fourth switch coupled between the second 

capacitor and ground that is closed when the second 

switch is closed, 

wherein the first switch is switched out of phase with 
the second switch, 

15. A method for regulating a voltage at an output node of 
a buck vohage regulator, the method comprising: 

providing first and second capacitors; 
providing a first switch coupled to the first capacitor and 

a second switch coupled to the second capacitor; 
switching the first switch to charge the first capacitor from 

an input voltage; 

switching the second switch out of phase with the first 
switch to charge the second capacitor from the input 
voltage; 

monitoring the voltage at the output node to generate a 45 
control signal; and 

controUing the current flowing through the first capacitor 
in response to the control signal when the first switch 
is closed and controlling the current flowing through 
the second capacitor in response lo the control signal ^0 
when the second switch is closed. 

16. The method of claim 15 wherein: 
monitoring the voltage at the output node lo generale a 

control .signal comprises providing an amplifier that 
compares a voltage feedback signal to a reference 
signal. 

17. The method of claim 15 further comprising: 
providing a third and fourth switches that are each 

coupled between the first capacitor and the output node; 
and 

providing a fifth .switch coupled to the first capacitor. 

18. Ameihod for regulating a voltage at an output node of 
a buck voltage regulator, the method comprising: 

providing first and second capacitors; 
providing a first switch coupled to the first capacitor and 
a second switch coupled to the second capacitor; 
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switching the first switch to charge the first capacitor from 

an input voltage; 
switching the second switch out of phase with the first 
switch to charge the second capacitor from the input 
voltage; 

monitoring the voltage at the output node to generate a 
control signal; and 

controlling the current flowing through the first capacitor 
in response to the control signal when the first switch 
is closed and controlling the current flowing through 
the second capacitor in response to the control signal 
when ihe second switch is closed, 
by providing a current mirror 

19. The method of claim 18 wherein: 
monitoring the voltage at the output node to generate the 

control signal comprises providing a transconductance 
amplifier that controls the current through the current 
mirror in response to a voltage feedback signal from the 
output node. 

20. A method for regulating a voltage at an output node of 
a buck voltage regulator, the method comprising: 

providing first and second capacitors; 
providing a first switch coupled lo the first capacitor and 

a second switch coupled to the second capacitor; 
switching the first switch lo charge Ihe first capacitor from 
an input voltage; 

switching the second switch out of phase with the first 
switch to charge the second capacitor from the input 
voltage; 

monitoring the voltage at the output node to generate a 
control signal; 

controlling the cunrent flowing through the first capacitor 
in response to the control signal when the first switch 
is closed and controlling the current flowing through 
the second capacitor in response to the control signal 
when the second switch is closed; 
providing third and fourth switches thai are each coupled 

between the first capacitor and the output node; 
providing a fifth switch coupled to the first capacitor; 
providing sixth and seventh switches that are each 
coupled between the second capacitor and the output 
node; and 

providing an eighth switch coupled to the second capaci- 
tor. 

21. The method of claim 20 further comprising: 
providing a third capacitor coupled to the fifth switch; 
providing a ninth switch coupled between the third 

capacitor and the output node; 
providing a tenth switch coupled between the third 
capacitor and ground; and 

providing an eleventh switch coupled to the third capaci- 
tor. 

22. The method of claim 21 further comprising: 
providing a fourth capacitor coupled to the eighth switch; 
providing a twelfth .switch coupled between the fourth 

capacitor and the output node; 
providing a thirteenth switch coupled between the fourth 
capacitor and ground; and 

providing a fourteenth switch coupled to the fourth 
capacitor. 

23. A boosl voltage regulator that regulates a voltage at an 
output node, comprising: 

a first capacitor; 
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a firsi switch coupled between ihe first capacitor and the 
output oode; 

a second switch coupled to the first capacitor, wherein 
current alternately flows from an input voltage lo the 
first capacitor and from the first capacitor to the output 
node; 

feedback loop circuitry that monitors the voltage at the 
output node and generates a control signal; and 

a transistor that controls the current flowing through the 
first switch in response to the control signal when the 
first switch is closed. 

24. The regulator of claim 23 wherein: 

the feedback loop circuitry comprises a resistor divider 
that generates a voltage feedback signal and an ampli- 
fier that compares the voltage feedback signal with a 
reference signal. 

25. The regulator of claim 23 wherein: 

the transistor comprises a variable resistance in series 
between the input voltage and the first capacitor when 
the first switch is closed, wherein the variable resis- 
tance is responsive to the control signal. 

26. The regulator of claim 23 wherein: 

the transistor controls the current through the second 
switch in response to the control signal when the 
second switch is closed. 

27. The regulator of claim 23 further comprising: 

a third switch coupled to the first capacitor, wherein the 
third switch is closed when the first switch is closed; 
and 

a fourth switch coupled to the first capacitor, wherein the 
fourth switch is closed when the second switch is 
closed, 

wherein the first switch is switched out of phase with 
the second switch. 

28. The regulator of claim 23 wherein: 

the transistor is part of a current mirror that controls the 
current through the first switch in response to the 
control signal when the first switch is closed. 

29. The regulator of claim 28 wherein the current mirror 
controls the current through the second switch when it is 
closed. 

30. A boost voltage regulator that regulates a voltage at an 
output node, comprising: 

a first capacitor; 

a first switch coupled between the first capacitor and the 
output node; 

a second switch coupled to the first capacitor, wherein 
current alternately flows from an input voltage to the 
first capacitor and from the first capacitor to the output 
node; 

feedback loop circuitry that monitors the voltage at the 
output node and generates a control signal; and 

a transistor that controls the current flowing through the 
first switch in response to the control signal when the 
first switch is closed, 

wherein the transistor controls the current through the 
second switch in response to the control signal when 
the second switch is closed, 

wherein the transistor comprises a variable resistance 
coupled in series between the input voltage and the 
first capacitor when the second switch is closed, and 

wherein the variable resistance is responsive to the 
control signal. 

31. A boost voltage regulator that regulates a voltage at an 
output node, comprising: 



22 



10 



15 



20 



25 



30 



35 



40 



45 



50 



55 



60 



65 



a first capacitor; 

a first switch coupled between the first capacitor and the 
output node; 

a second switch coupled to the first capacitor, wherein 
current alternately flows from an input voltage to the 
first capacitor and from the first capacitor to the output 
. node; 

feedback loop circuitry that monitors the voltage at the 

output node and generates a control signal; 
a transistor that controls the current flowing through the 
first switch in response to the control signal when the 
first switch is closed, 

wherein the transistor is part of a first current mirror 
that controls the current through the first switch in 
response to the control signal when the first switch is 
closed; 

and the regulator further comprises: 
a second current mirror that controls the current 
through the second switch in response to the 
control signal when the second switch is closed. 

32. The regulator of claim 31 wherein the current con- 
ducted by the first and second current mirrors is responsive 
to the control signal. 

33. The regulator of claim 32 further comprising: 
a second capacitor coupled to the second switch; 

a third switch coupled between the second capacitor and 
the output node that is closed when the first switch is 
closed; and 

a fourth switch coupled between the second capacitor and 
ground that is closed when the second switch is closed, 
wherein the first switch is switched out of phase with 
the second switch. 

34. The regulator of claim 23 further comprising a current 
mirror that conducts current in response to the control signal 
from the input voltage during a blanking interval when the 
first and the second switches are open. 

35. The regulator of claim 23 wherein duty cycle of the 
first and second switches is proportional to the input-to- 
output voltage conversion ratio. 

36. A buck voltage regulator that regulates a voltage at an 
output node, comprising: 

first and second capacitors; 

a first switch coupled to the first capacitor; 

a second switch coupled to the second capacitor that is 
switched out of phase with the first switch, wherein 
current alternately flows from an input voltage to the 
first capacitor and from the input voltage to the second 
capacitor; 

feedback loop circuitry that monitors the voltage at the 
output node to generate a control signal; and 

a transistor that controls the current through the first 
switch when it is closed and the current through the 
second switch when it is closed in response to the 
control signal. 

37. The regulator of claim 36 wherein: 

the transistor is part of a current mirror coupled between 
the input voltage and the first and second switches. 

38. The regulator of claim 36 wherein the feedback loop 
circuitry comprises: 

an ampiilier that compares a voltage feedback signal from 
the output node to a reference signal. 

39. The regulator of claim 38 wherein the feedback loop 
circuitry further comprises: 

a resistor divider coupled to the output node and the 
amplifier, the resistor divider generating the voltage 
feedback signal. 



23 



US 6,411,531 Bl 



40. The regulator of claim 36 further comprising: 

a third and fourth switches that are each coupled between 

the first capacitor and the output node; and 
a fifth switch coupled to the first capacitor. 

41. The regulator of claim 40 further comprising: ^ 
a sixth and seventh switches that are each coupled 

between the second capacitor and the output node; and 
an eighth switch coupled to the second capacitor. 

42. A buck voltage regulator that regulates a voltage at an jq 
output node, comprising: 

first and second capacitors; 

a first switch coupled to the first capacitor; 

a second switch coupled to the second capacitor that is 
switched out of phase with the first switch, wherein 
current alternately flows from an input voltage to the 
first capacitor and from the input voltage to the second 
capacitor; 

feedback loop circuitry that monitors the voltage at the 
output node to generate a control signal; ^° 

a transistor that controls the current through the first 
switch when it is closed and the current through the 
second switch when it is closed in response to the 
control signal, 

wherein the transistor comprises a variable resistance. 

43. A buck voltage regulator that regulates a voltage at an 
output node, comprising: 

first and second capacitors; 

a first switch coupled to the first capacitor; 30 
a second switch coupled to the second capacitor that is 
switched out of phase with the first switch, wherein 
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current alternately flows from an input voltage to the 
first capacitor and from the input voltage to the second 
capacitor; 

feedback loop circuitry that monitors the voltage at the 
output node to generate a control signal; 

a transistor that controls the current through the first 
switch when it is closed and the current through the 
second switch when it is closed in response to the 
control signal; 

third and fourth switches that are each coupled between 

the first capacitor and the output node; 
a fifth switch coupled to the first capacitor; 
sixth and seventh switches that are each coupled between 

the second capacitor and the output node; 
an eighth switch coupled to the second capacitor; and 
a third capacitor coupled to the fifth switch; 
a ninth switch coupled between the third capacitor and the 

output node; 

a tenth switch coupled between the third capacitor and 
ground; and 

an eleventh switch coupled to the third capacitor. 
44. The regulator of claim 43 further comprising: 
a fourth capacitor coupled to the eighth switch; 
a twelfth switch coupled between the fourth capacitor and 
the output node; 

a thirteenth switch coupled between the fourth capacitor 
and ground; and 

a fourteenth switch coupled to the fourth capacitor. 
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ABSTRACT 



A driver timing and circuit technique for a low noise charge 
pump circuit of particular applicability with respect to 
integrated circuit devices requiring voltage levels either 
more positive than or more negative than, externally sup> 
plied voltages. In accordance with the technique of the 
present invention, the pump capacitor is driven "high** by 
one transistor and "low" by another. By correctly sizing the 
devices driving them, each transistor can be turned "off*' 
quickly and "on" slowly and, in an alternative embodiment, 
both transistors may be "oflT at the same time resulting in 
"tri -state" operation. Timing is set such that both transistors 
are "off' when a third transistor connecting the intermediate 
node to the power supply is turned "on" and when a fourth 
transistor connecting the intermediate node to the pumped 
supply is turned "on" thereby preventing large dl/dt and 
resultant noise on the power supply sources. 

24 Claims, 8 Drawing Sheets 
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DRIVER TIMING AND CIRCUIT is driven aod when the transistor connecting the intermediate 

TECHNIQUE FOR A LOW NOISE CHARGE node to the power supply is turned "on". A similar dl/dt also 

PUMP CIRCUIT occurs when the transistor connecting the intermediate node 

to the pumped node is turned "on". These dl/dt changes at 

BArK-rpniiMn r»c tuc iMxnjNmriM ' capacitor and intermediate nodes result in undesired and 

BACKGROUND OF THE INVENTION sometimes unacceptable noise in the circuit. 

The present invention relates, in general, to the field of SUMMARY DF THP iwvPiMTinM 

integrated circuit ("IC") devices. More particularly, the SUMMARY OF THE INVENTION 

present invention relates to a driver timing and circuit In accordance with the technique of the present invention, 

technique for a low noise charge pump circuit of particular "'^ P"'°P capacitor of a driver circuit for an integrated 

applicabUily with respect to IC devices requiring voltage '^'^^''^^ diiven "high" by one transistor and "low" 

levels either in excess of, or lower than, externally supplied another. By correcUy sizing the devices driving them, 

voltages. each transistor can be turned "off" quickly and "on" slowly 

IC devices are typically designed to require only a power ^ V^'e"'»«ive embodiment, both transistors may be 

("VCC) and a relative circuit ground ("VSS") voltage °. resulting in "iri-state" operation. 

suppUes. This increases the ease of use of the IC device in .""S tp^y be set such that both transistors arc "off' when 

a system. Nevertheless, in some cases subcircuits of these transistor connecttng the intermediate node to the power 

devices require voltage supply levels above or below these '"f"** ^^^^^^ prevenlmg a large dl/dt aod 

levels for proper operation tesulunt noise on the power supply sources. 

Current dynamic random access memory ("DRAM") . ^^"^^^fj. ^^scl,^ herein is an integrated circuit 

devices frequently require a voltage supply level above VCC .'"'^'"''•"g a charge pump circuit which composes a 

to drive the memoi7access tranlis Jgate or row decoder "Pf ' ? 71 ''T^ first and second terminals cotipled 

logic to sufBciently high levels such that a full VCC level L° !" "'^r^^/'^. «P»«lor « °°<fcs respecuvely. A 

can be written into the memory cell. DRAMs also fiequently fi^'.^'=>"ng device is 52 provided for selectively couphng 

require a voltage level below VSS which is used to bias the " «nlermediate node to a supply voltage hne m response to 

substrate to prevent minority carrier injection from periph- ! ^1°^^"°^ '"^ether with a second switching 54 

eral circuits. In addition. electricaUy erasable programmable '^''"'^ ,f ''^f.^^'V """P'-ng mtermediate node to a 

readKinly memory devices (''EEPROMs") frequently P"™Ped voltage line in response to a second clocking signal. 

require a voltage supply level higher than VCC in order to ^ *f ' ^^^"^ '"P"' ""JPI"* '° ^^T' " ^-^ 

program or er^c memory cells. '° clocking signal and an output coupled to a third switching 

In . hie r.„»,^ 1 1 I,- u .u , device 58 for selectively co»q)Iing the capacitor node to the 

JZ^Z ^!^u\r \ ^ *T^f r^" "^"1.95 *"PP'y ^°"^g« ^ '^'^ docking signal; 

generated on the IC device lUelf (i.e. "on^hip" by means of a„d a second inverter 72 has an input coupled to also receive 

charge purnp circuits. A charge pump arcuit utilized to ^lird clocking signal and an output Lpled,to a S 

h™V?^ fi r^^* ^'T^^'' 35 switching device 60 for selectively coupling th; capacitor 

nTof vrr' ''r"""'^'^^ '^^ clockingsignal.InanaUemative"tri.state"embodiment.the 

nSmned noL -^^vrpp-fT f""^ <^nnccims " to a second inverter has its input coupled to receive a separate 

fheTn,^, LI ""d^of fourth clocking signal and is operative to cause the fourth 

?Lna.h.T if vr^"T^ " 1° ^uV^^''^^ « switching device to couple the ^pacitor node to the ground 

iTi^L W 1^1' H^^'"^ ""i"'"^ '"l'^' ^°l''g« response thereto Lependently of tte third 

of the capacitor to the pumped node transferrmg charge to it; clocking signal f 

disconnecting the first node of the capacitor from the ai 3 ■ ■ j ■ ^ ^ ■ ■ . . , 

pumpednodeandreconnectingitto VCCjdisconnectingthe P,^"'="l^^'y disclosed herein is a method for oper- 

secoS node from VCC and connecting again to vS '^"!.h^,^'T T^^*" T^'^ '^'V'' ""^'^ 

thereby restorire the iniUal state of the caplcitfr and repeaT- , , ^ ° ~7 first terminal of a capaci- 

ing the steps reciting in charge being "pumped" from VCC ^.Y'^-"^"* ° ^PP'y -"f ^^^^ a second terminal 

to VCCP. 1^" uuiu yv,v- ofthecapacitive element IS coupled to a ground voltage line. 

, ' .... . . The first terminal is firstly decoupled from the supply 

InthoseappUcationswheremVCCPisrequiredtoprovide voltage line while substantially con^rrently coupling the 

relatively large amounts of current, the capadtor and tran- 50 fiist terminal to a pumped voltage line. Hie second terminal 

s^toR in the charge pump must al^ be large m size. When is secondly decoupled from the ground voltage line wMe 

the transistors switch "on" and "oS" to drive the capacitor substantially concurrently coupling the second terminal to 

- °T^''«g'=7°-t^° -^^-'tflo-andthe ,he supply volUge line. THe Lt terminal is thfrdly 

rate of change of the current ("dl/dt") flow is also large. decoupled from the pumped voltage line while substantiauj 

Because the voltage supph^ VCC and VSS are sourcing and 55 concurrently coupling the fitst ten^inal to the supply voltage 

smking this current, the VCC and VSS voltage leveU vary ii„e. TTie second terminal is then fourthly decSLled from 

as a result of the charge pump operation^ This voltage ,he supply voltage line while substantially concurrenUy 

V« ,„H vrr r '"'"^ """^ and .his no«e on the coupling the seco^nd terminal to the ground voltage line. In 

VSS and VCC supplies can cause an IC device to fail to operation, the step of secondly decoupUng the sfcond ter- 

fiinctton properly in a system. The amount of noise is «, minal from the ground voltage line occurs relatively more 

determmed by the resistance and inductance of the VCC and quickly than the corresponding step of substantially ^ncur- 

VSS ^pphes, and IC devjces^ the m<Kt difficult source rently coupling the second terminal to the supply voltage 

of no«e to control ^ that due to the dl/dt factor because the Une. Also, the step of fourthly decoupling the Lcond ter- 

die bond wues present significant levels of inductance. „inal from the supply voltage line may also occur relatively 

In conventional cha^e pump circuits, the pump capacitor 65 more quickly than the corresponding step of substantially 

is driven by an inverter causing a relatively large change in concurrently coupling the second terminal to the ground 

current over time ("dl/dt") to occur when the capacitor node voltage line. 
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BRIEF DESCRIPTION OF THE DRAWINGS (" VCC") and a second N-channel transistor 14 for coupUng 

TTic aforementioned and other features and objects of the Jl!^™''^'''*' ^ ' P"'"^'''^ ^"PP'^ ^"""^ 

present invention and the manner of attaining them will ^ . n\AnQ .10 

become more apparent and the invention itself wiU be best pj^ '''''V J ?Tlf' °^ i"^"'" • 

imH#*r«tr*«H K« r*f*r*.r,^*. I.. tUs. f«ii«„„«„ 5 P-channcl transistor 20 and N-channe] transistor 22 is 

understood by reference to he foUowmg d^ipuon of a 5,^^^,^ ^^^.^ ^ ..^35,. 

preferred embodiment taken mconjunction wah the accom- output of the inverter 18 defines a capacitor node 24lhich 

panymg drawmgs, wherein: ^ ^^pl^d to a first terminal (or nJde) of a capacitor 26 

FIG. 1 is a schematic diagram of a conventional charge which has its second terminal coupled to the intermediate 
pump circuit utilizing a CMOS inverter activated by a clock node 16, A clock signal ("CLOCKl") on line 28 is furnished 
signal ("CL0CK3") to drive a first capacitor terminal and to the gale of transistor 12 while another clock signal 
having an opposite second terminal coupled to a node ("CL0CK2") on line 30 is furnished to the gate of transistor 
intermediate a series string of transistors for selectively 14. Another clock signal ("CL0CK3") on line 32 is fur- 
coupling the intermediate node to either VCC or VCCP nished to the input of the inverter 18. 
depending on the clock signals ("CLOCKl" and In the embodiment of the charge pump circuit 10 
"CL0CK2") applied to their respective gales; illustrated, transistors 12, 14 and 22 may have a channel 

no. 2 is a schematic diagram of an embodiment of a "^'^^^ ^^^^ ^ ^'^^^ transistor 20 

"fast-ofl&^sIow-OQ" charge pump circuit in accordance with a width of 2000;/ and a corresponding length of 0.34/^ 

the present invention wherein the capacitor may be driven capaator 26 may have a typical value of 

"high" by one transistor and "low" by another transistor as 20 ^"^^^.^^^^"y ^ P^- 

controlled by a corresponding pair of CMOS inverters With reference additionally now to FIG. 2, a charge pump 

having their inputs common coupled to the receive the circuit 50 in accordance with one embodiment of the present 

CL0CK3 signal; invention is shown. The charge pump circuit 50 comprises 

HG. 3 is a schematic diagram of an alternative "tri-state" ^ ^ " coupling an intermediate 

embodiment of a charge pump circuit in accordance with the 25 10 ^00 and a second N^hannel transistor 54 for 

present invention wherein each of the CMOS inverters ^ouphng the mtermediate node 16 to the pumped supply 

illusu-ated in the preceding figure in this instance respec- voltage source VCCP. 

lively receive a separate CL0CK3 and CL0CK4 input ^^"^ connected P-channel transistor 58 and N-channel 

signal; transistor 60 are coupled between VCC and VSS. A capaci- 

HG. 4 is a timing diagram of the CLOCKl. CL0CK2 and 30 is defined between transistors 58 and 60 and is 

CL0CK3 signal inputs to the conventional charge pump 1°''?^^^ ' ^"^^ ' capacitor 64 which 

circuit of FIG. 1* * has its second terminal coupled to the intermediate node 56. 

FIG. 5 is 'a 'corresponding timing diagram of the p ^ ^^^^^MOS inverter 66 comprising series connected 

CLOCKl, CL0CK2 and CL0CK3 si|nal inputs to the ^-^^^^ ^""^""^nn^ ^"tr.o^^T^^- 

«fastK>ff/slow-on" charge pump circuit ^HG 2 in accor- 35 HLI^^^T and has its output coupled 

dance with that particular emb(!diment of the present inven- '^n^^V^J^^^ • p f^^l 

tjQjj. *^ CMOS mvcrter 72 compnsmg series connected P-channel 

X • '1 J • . J- ^ . transistor 74 and N-chaonel transistor 76 is also coupled 

CLOCKl "^n n?Kl ^""c^v^ J^fTn^^^^^ ^ ''^^^^^^ ^^S and has itsoutput coupled to the gale 

?^^' w ^ 40 teraiioa! of transistor 60. The inputs of the first and se<ind 

f.^^g*^P^°2P^^^^^^^fI^G. 3 m accordance inverters 66, 72 are coupled to a common input line 82 

with thai alternative embodiment of the present invention; which receives a CL0CK3 input signal. The CLOCKl 

FIG. 7 IS a tirmng diagram illustrative of the current flow signal on line 78 is furnished to the gate of transistor 52 

on the VCC. VSS and VCCP sources for the convenUonal while the CL0CK2 signal on Une 80 is furnished to the gate 

charge pump circuit shown in FIG. 1 and particulariy of U-ansistor 54 

pointing out the resultant current spikes generated by its with reference additionally now to FIG. 3, an alternative 

operation as depicted m FIG. 4; embodiment of a charge pump circuit 100 in accordance 

FIG. 8 IS a limmg diagram illustrative of the current flow with the present invention is shown. As previously disclosed 

on the VCC, VSS and VCCP sources for the "fasi-off/slow- with respect to the charge pump circuit 50 of FIG. 2, the 

on" embodiment of the charge pump circuit shown in FIG. so charge pump circuit 100 comprises a fiist N-channel tran- 

2 and particularly pointing out the relative decrease in the sislor 52 for coupling an intermediate node 56 to VCC and 

slope (dl/dt) of the current spikes generated by its operation a second N-channel transistor 54 for coupUng the interme- 

as depicted m FIG. 5; and diate node 16 to the pumped supply voltage source VCCP. 

FIG. 9 is a similar timing diagram illustrative of the As before, series connected P-channel transistor 58 and 

current flow on the VCC, VSS and VCCP sources for the 55 N-channel transistor 60 are coupled between VCC and VSS. 

alternative "tri-state" embodiment of the charge pump cir- Acapacitor node 62 is defined between transistors 58 and 60 

cuit shown in FIG. 3 and also particulariy pointing out the and is coupled to a first terminal (or node) of a capacitor 64 

relative decrease in the slope (dl/dt) of the current spikes which has its second terminal coupled to the intermediate 

generated by its operation as depicted in FIG. 6 when node 56. 

compared to theconventional charge pump circuit of RG.l. 60 A first CMOS inverter 66 comprising series connected 

DESCRIPTION OF A REPRESENTATIVE P-channel transistor 68 and N-channel transistor 70 is 

EMBODIMENT coupled between VCC and VSS and has its output coupled 

to the gate terminal of transistor 58. Similarly, a second 

With reference now to FIG. 1, a conventional charge CMOS inverter 72 comprising series connected P-channel 

pump circuit 10 is shown. The conventional charge pump 65 transistor 74 and N-channel transistor 76 is also coupled 

circuit 10 comprises a first N-channel transistor 12 for between VCC and VSS and has its output coupled to the gate 

coupling an intermediate node 16 to a supply voltage source terminal of transistor 60. 
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With respect lo the embodiment of the charge pump transferred to VCCP. The intemediaie node 56 is then 
circuit 100, the inputs of the first and second inverters 66, 72 disconnected from VCCP by turning "ofiT' transistor 54 in 
arc herein not coupled to a common input line for receiving response to the CL0CK2 signal. The capacitor node 62 is 
the CL0CK3 input signal. Rather, the input of the inverter then disconnected from VCC and connected to VSS by 
66 is coupled to an input line 82 for receiving the CL0CK3 5 turning "off* transistor 58 and turning "on" transistor 60 in 
signals while the input of the inverter 72 is separately response to the CL0CK3 signa! and inverters 66 and 72 
coupled to another input line 84 for receiving a CL0CK4 respectively. Transistor 52 is then turned on in response to 
signal. As before, however, the CLOCKl signal on line 78 the CLOCKl signal coupling the intermediate node 56 to 
is furnished to the gate of transistor 52 while the CL0CK2 VCC thereby restoring the state of the capacitor 64. Repeat- 
signal on line 80 is furnished to the gale of transistor 54. ing the foregoing steps results in charge being "pumped" 

With respect to the embodiments of the charge pump from a level of VCC to the higher voltage supply VCCP. 

circuit 50 (FIG. 2) and the charge pump circuit 100 (FIG. 3), With reference additionally now to FIG. 6, the operation 

transistors 52, 54 and 60 may also have a channel width of of the alternative embodiment of the charge pump circuit 

1000/i and a length of Q34fi, with transistor 58 having a 100 of FIG. 3 is shown. At time A in FIG. 6, Transistor 58, 
width of 200Qu and a corresponding length of 0.34/< as well, 15 60, 52, and 54 are all in the "ofiP' state. CL0CK2 then goes 

The capacitor 64 may have a typical value of substantially high connecting node 56 lo VCCP. Since node 62 is 

300 pf. Transistors 70, 74 may have a channel width of 10/4 "trislate" (i.e. not held either VCC or VSS) little charge is 

and a length of 0.34// while transistor 68 has a width of 400/i required to bring 56 to the same potential as VCCP therefore 

and transistor 76 has a width of 100/4, both having a channel little noise results. CL0CK3 then goes high causing the 
length of 0.34/4. As can be seen, transistor 68 is larger than 20 o^^pul of inverter 66 to go low. Transistor 70 of inverter 66 

transistor 74 while transistor 76 is larger than transistor 70. is sized (small) to slowly pull the gate of transistor 58 low 

This relative device sizing facilitates the "fast-off/slow-on" causing 62 to be pulled slowly to VCC causing charge to be 

operation of the charge pump circuits 50 (FIG. 2) and 100 transferred from 56 through transistor 54 to VCCP The slow 

(FIG. 3) which will be described in more detail hereinafter, dV/dt of 62 results in lowered dl/dt as shown at lime B in 

With reference additionally now to FIG. 4, a timing 25 ^- CL0CK3 then goes low causing the gale of tran- 

diagram of the CLOCKl, CLOCK2 and CL0CK3 signal sistor 58 to go high shutting transistor 58 off. This transistor 

inputs lo the conventional charge pump circuit 10 of FIG. 1 ^ but little dl/dt is seen in FIG. 9 because transistor 58 

is shown. In operation, the various clock signals function to has little cinrent flowing by the time CL0CK3 goes low as 

couple the capacitor node 24 to VSS through the operation can be seen in FIG. 9. CL0CK2 then goes low shutting off 
of U-ansistor 22 in response to the CL0CK3 signal while 30 t^aijsistor 54 and CLOCKl goes high mraing on transistor 

transistor 12 couples the intermediate node 16 to VCC in 78. As before, when Uansislor 52 is turned on node 62 is 

response to the CLOCKl signal. Transistor 12 is then turned Instate and there is little charge required to equilibrate node 

"off' in response to CLOCKl. At this point, the capacitor 56 to VCC and hence little dl/dt is seen. CL0CK4 then goes 

node 24 is then decoupled from VSS by mming off transistor low causing the gate of transistor 60 to be turned on. 
22 and turning on transistor 24 in response to the CL0CK3 35 Transistor 74 is sized (small) to pull the gale of transistor 60 

signal to couple the capacitor node 24 to VCC. This drives slowly to reduce the dl/dt at time C in FIG. 9. 

the voltage on the intermediate node 16 above VCC. Tran- With reference additionally now to FIG. 7, in those 

sistor 14 is then turned "on" in response to the CL0CK2 applications wherein VCCP is required to provide relatively 

signal to connect the intermediate node 16 to VCCP and large amounts ofcunent, the capacitor 26 and transistors 12, 
charge is transferred to VCCP. The intemediate node 16 is 40 14, 20 and 22 in the conventional charge pump dicuit 10 of 

then disconnected from VCCP by turning "off' transistor 14 FIG. 1 must also be large in size. When the transistors switch 

in response to the CL0CK2 signal. The capacitor node 24 is "on" and "off* to drive the capacitor 26 nodes "high" or 

then disconnected from VCC and connected to VSS by "low**, large amounts of current flow and the rate of change 

turning "off" transistor 20 and turning "on" transistor 22 in of the current ("dl/dt") is also large. The voltage supplies 

response to the CLOCK3 signal. Transistor 12 is then mmed 45 VCC and VSS are sourcing and sinking this current so VCC 

on in response to the CLOCKl signal coupling the inter- and VSS voltage levels vary as a result of the charge pump 

mediate node 16 to VCC thereby restoring the stale of the operation. This voltage variation is "noise" and this noise on 

capacitor 26. Repealing the foregoing steps results in charge VSS and VCC can cause an IC device to fail to function 

being "pumped" from a level of VCC to the higher voltage properly in a system. The amount of noise is determined by 

supply VCCP 50 the resistance and inductance of VCC and VSS and for IC 

With reference additionally now to FIG. 5, a correspond- devices, the most difficult source of noise to control is dl/dt 

ing timing diagram of the CLOCKl, CL0CK2 and because the die bond wires present significant levels of 

CL0CK3 signal inputs to the charge pump circuit 50 of FIG. inductance. 

2 is shown. As previously described, the various clock In the conventional charge pump circuit 10, the pump 
signals function lo couple the capacitor node 62 lo VSS 55 capacitor is driven by the inverter 18 causing a relatively 
through the operation of transistor 60 in response to the large change in current over time ("dl/dt") to occur when the 
CL0CK3 signal applied through inverter 72 while transistor capacitor node 24 is driven and when the transistor connect- 
52 couples the intermediate node 56 to VCC in response to ing the intermediate node 16 to the power supply is turned 
the CLOCKl signal. Transistor 52 is then turned "off* in "on". A similar dl/dt also occurs when the u^ansistor con- 
response to CLOCKl signal. At this point, the capacitor 60 necting the intermediate node 16 to the VCCP pumped node 
node 62 is then decoupled from VSS by turning off transistor is turned "on". These rapid changes in current (dl/dt) result 
60 and turning on transistor 58 in response to the CL0CK3 in undesired and sometimes unacceptable noise in the circuit 
signal coupled through inverters 72 and 66 respectively to as indicated by the slope of the current spikes shown in FIG. 
couple the capacitor node 62 to VCC. This drives the voltage 7. 

on the intermediate node 56 above VCC. Transistor 54 is 65 With reference additionally now lo FIG. 8, a liming 

then turned "on" in response to the CL0CK2 signal to diagram illustrative of the current flow on the VCC, VSS and 

connect the intennediate node 56 lo VCCP and charge is VCCP sources for the "fasl-ofl/slow-on" embodiment of the 
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charge pump Circuit depicted in FIG. 2 is shown. This figure 3. The integrated circuit of claim 1 wherein said first 

shows clearly, in comparison to that of the preceding figure, switching device comprises an N-channel MOS transistor, 

that the dl/dt at 2.0, 17.0, 32.0 and 47.0 nanoseconds have 4. The integrated circuit of claim 1 wherein said second 

been dramatically reduced. switching device comprises an N-channcl MOS transistor. 

With reference additionally now to FIG. 9 a similar timing 5 5. The integrated circuit of claim 1 wherein said third 

diagram illustrative of the current flow on the VCC, VSS and switching device comprises a P-channel MOS transistor. 

VCCP sources for the alternative "tri-stale" embodiment of 6. The integrated circuit of claim 1 wherein said fourth 

the charge pump circuit depicted in FIG. 3 is shown. Note switching device comprises an N-channel MOS transistor, 

the absence of the current spike present at time D in RG. 8. 7. The integrated circuit of claim 1 wherein said first and 

This is due to the "tristate" modification of FIG. 3. This jq second inverters comprise first and second CMOS inverters, 

diagram shows that there are but relatively small current 8. The integrated circuit of claim 7 wherein said first aod 

spikes at 0.0, 1.0, 15.0, 16.0, 30.0, 31.0, 45.0 and 46.0 second CMOS inverters comprise series connected 

nanoseconds. These current spikes have a relatively high P-channel and N-channel transistor pairs, 

dl/dt but are also of very short duration such that they vidll 9. The integrated circuit of claim 8 wherein said 

not generate appreciable VCC or VSS noise. P-chanoel transistor of said first CMOS inverter is larger 

The embodiments disclosed have been single stage type than said P-channel transistor of said second CMOS 

charge pumps. It is understood that these inventions could as inverter. 

T"^^ ^K-i^J?^ u° charge pumps containing multiple 10. The integrated circuit of claim 8 wherein said 

stages. While there have been described above the prmciples N^hamiel transistor of said second CMOS inverter is laiger 

Zrj^ ZTT Jf^^Jr^^"! ^f*' '^T^"" ^ on ^.channel transistor of said first CMOS inverter, 

and transistor technology, it is to be clearly understood that 20 n .j • j • • 1 j- u 

the foregoing description is made only by way of example riiiii^InVn!^ ^ ' ^"^^ 

and not as a Umitation to the scope of the invention. "^'^ compnsmg. 

Particularly, it is recognized that the teachings of the fore- ^ capacitive element having first and second tenninals 

going disclosure will suggest other modifications to those thereof coupled to an intermediate and capacitor nodes 

persons skilled in the relevant art. Such modifications may 25 respectively; 

involve other features which are akeady known per se and a first switching device for selectively coupling said 

which may be used instead of or in addition to features intermediate node to a supply voltage line in response 

already described herein. Although claims have been for- to a first clocking signal; 

mulated in this application to particular combinations of a second switching device for selectively coupling said 

features, it should be understood that the scope of the 3^ intermediate node to a pumped voltage line in response 

disclosure herein ala> mcludes any novel feature or any lo a second clocking signal; 

novel combmation of features disclosed either exolicitiv or c . ■ * u • • . . ^ , . , 

implicidy or any generalization or modification there^[ ' ^^"'^^'^ ^T^^ mput coupled to receive a third 

which would be apparent to persons skilled in the relevant "t^"^^ ^T^^ ?^P^^ "'.^P^^ ^ ^ ^^1" 

art, whether or not such relates to the same invention as "^^^^^ ^""^ selecuvely couplmg said capacitor node 

presenUy claimed in any claim and whether or not it miti- ^""^^^ "^^^^f Une m response to said third 

gates any or aU of the same technical problems as confronted cloctog signal; and 

by the present invention. The appUcants hereby reserve the * ^™ inverter havmg an mput coupled to receive a 

right to formulate new claims to such features and/or com- ^^^^ clocking signal and an output coupled lo a fourth 

binations of sudi features during the prosecution of the switching device for selectively coupling said capacitor 

present application or of any further appUcalion derived ^ ground voltage line in response lo said fourth 

therefi-om. clocking signal. 

What is claimed is: integrated circuit of claim 11 wherein said capaci- 

1. An integrated circuit device including a charge pump dement comprises a capacitor having a capacitance of 
circuit comprising: ^ ^ y substantiaUy 300 pf. 

a capacitive element having first and second terminals 13. The integrated circuit of claim 11 wherein said first 

thereof coupled to an intermediate and capacitor nodes "^'fi^.^ ^7^" composes an N-channel MOS transistor, 

respectively; mtegrated cu-cuit of claim 11 wherem said second 

a f;«» ™«t^k/«« 1 1 f J switching device comprises an N-channel MOS transistor, 

a nrst switching device for selectively coupling said le tt«» «t^^ JTi^^,, , «f 1 • n u . ^ ' . * 

inlermediateTode to a supply voltage line ii relpoi^s Jll?. !I d < ".to "•'^ 

to a fust clocking signal; ^ " device comprises a P-cbannel MOS transistor. 

. . .... J . , , • , ,. .J lo. The integrated cucuii of claim U wherein said fourth 

a second switching device for selectively coupling said switching device comprises an N-channel MOS transistor, 

mtermediale node to a pumped voltage Ime m response „. -^^ „ted circuit of claim U wherein said fimt 

to a second clockmg signal; ^^^^ -^^^^ ^ ^ 

a first inverter having an input coupled to receive a third 55 inverters, 

clocking signal and an output coupled to a third switch- 18. The integrated circuit of claim 17 wherein said first 

mg device for selectively coupling said capacitor node and second CMOS inverters comprise series connected 

to said supply voltage hne in response to said third PK:hannel and N^hannel transistor pairs 

clocking signal; and I9. jhe integrated circuit of claim 18 wherein said 

a second mverter having an mput coupled to receive said 60 P-channel transistor of said first CMOS inverter is larger 

diird clocking signal and an output coupled to a fourth than said P-channel transistor of said second CMOS 

switching device for selectively coupling said capacitor inverter. 

node to a ground voltage line in response to said third 20. The integrated circuit of claim 18 wherein said 

clocking signal. NK:hannel transistor of said second CMOS inverter is larger 

2. The integrated circuit of claim 1 wherein said capaci- 65 than said N-channel transistor of said first CMOS inverter 
live eleinent comprises a capacitor having a capacitance of 21. The integrated circuit of claim U wherein said third 
substantially 300 pf. and fourth switching devices may be switched between 
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States independently of each other in response to said third 
and fourth clocking signals respectively. 

22. A method for operating a charge pump in an integrated 
circuit device comprising: 

coupling a first terminal of a capacitive element to a 5 
supply voltage line while a second terminal of said 
capacitive element is coupled to a ground voltage line; 
firstly decoupling said first terminal from said supply 
voltage line; 

secondly decoupling said second terminal from said 
ground around line and coupling said second terminal 
to said supply voltage line; 

thirdly coupling said first terminal to a pumped voltage 
line; ^5 

fourthly decoupling said first terminal from said pumped 
voltage line; 



10 



fifthly decoupling said second terminal from said supply 
voltage line and subsequently coupling said second 
terminal to a reference voltage line; and 

sixthly coupling said first terminal to said supply voluge 

line. 

23. The method of claim 22 wherein said step of secondly 
decoupling said second terminal from said reference voltage 
line occurs relatively more quickly than said corresponding 
step of coupling said second terminal to said supply voltage 
hne. 

24. The method of claim 22 wherein said step of fifthly 
decoupling said second terminal from said supply voltage 
line occurs relatively more quickly than said corresponding 
step of coupling said second terminal to said reference 
voltage line. 
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[57] ABSTRACT 

A ring oscillator according to the invention includes a 
plurality of inverters cascade-connected between an 
input node and an output node. Each inverter includes 
four transistors connected in series between a power 
supply node and a ground node. A first pair of transis- 
tors each have a channd sized to have an input capaci- 
tance for delaying the signal of a preceding stage in- 
verter for a prescribed time period. A second pair of 
transistors are coupled to a current mirror circuit and 
limits current flowing through the first pair of transis- 
tors. Thus, power consumption for obtaining a signal in 
a prescribed cycle is reduced. 

5 Claims, 17 Drawing Sheets 
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^ increase of charge/discharge current increases power 

RING OSC3LLATOR AND CONSTANT VOLTAGE consumption by the semiconductor integrated circuit. 

GENERATION CIRCUIT Accordingly, in order to reduce power consumption, 

BACKGROUND OF THE INVENTION 5 " '° '° "'"^ 

I. Field of the Invention For example, in order to set 200 ns for the cycle of the 

The present invention relates to a ring oscillator hav- ring oscillator shown in FIG, 15, the channel width 

ing a plurality of cascade-connected inverters for gener- W/channel length L ratios of PMOS transistor Ip and 

ating an output signal of a prescribed cycle by feeding NMOS transistor In are formed to be i J, respectively, 

back a signal on an output terminal to an input terminal, Meanwhile, in order to set 7.6jlis for the cycle and 

and a constant voltage generation circuit mcorporating 1.7/iA for consumption current, as illustrated in FIG 

such a nng oscillator 18, the W/L of PMOS transistor Ip and NMOS transis- 

Z Descnption of the Background Art tor in are formed to be 2/50, 2/100, respectively. 

FIG. 15 IS a circuit diagram showing a conventional FIG. 19 is a circuit diagram showing a ring oscillator 

nngoscmator Refa^gto^^^^ 15 incorporated in a PLLdrcuit disclosed in Japanese 

'^t^iTr itf^J^t'if* ""if; ^^^^^ l^ying-Open No. 3-259619. The ring osdllaSr 

nected to the input node of Second stagt invSil ^. Zw'tf 

Thesecondtofourthstageinverterseachhaveaninput20 'Xfr^^ . .„ . , , 

node connected to the output node of a preceding stage ^ ^^f^ng to FIG 19, the nng oscillator mcludes a 
inverter, and an output node connected to the input ^f^' mverters 15-55. and a selector 7. Selector 7 
node of a succeeding stage inverter. ^"^"^ inverter 35 or fifth stage 

Although in FIG. 15 the number of stages of the "^^^^^ 55 in response to a control signal, and feeds 
inverters is five, odd-number stages, at least three stages 25 ^^^^ ^^^^^ ^ inverter 15. Inverters 15. 

may be provided, ^» 55 each includes PMOS transistors lip 

Operation of the ring oscillator in FIG. 15 will be ^* NMOS transistors lln and 12n connected 

described. When an input signal is input to inverter 15, ™ series between a power supply node and a groimd 
an output signal OUT which is the inverse of input ^^OS transistor lip and NMOS transistor lln 

signal IN is output from final stage inverter 55. Output 30 turned on/off in a complementary manner in re- 
signal OUT is fed back to the input node of first stage sponse to an input signal, PMOS transistor 12p and 
inverter 15, so that output signal OUT becomes a signal NMOS transistor 12n have their ON resistance values 
inverted in a fixed cycle T as illustrated in FIG. 16. changed in response to. the output of buffer 65. 

Now, a description follows in conjunction with ^ operation, the number of stages of inverters is 
FIGS. 17A and 17B on how an oscillation cycle for the 35 selected in response to a control signal, and the oscilla- 
ring oscillator is determined. FIG. 17A is a circuit dia- cycle is changed. In response to a control voltage, 

gram showing in detail first stage inverter 15 and sec- buffer 65 controls the ON resistance values of PMOS 
ond stage inverter 25 in the ring oscillator in FIG, 15. transistor 12p and NMOS transistor 12n, and therefore 
FIG. 17B is a plan view showing a transistor forming the oscillation cycle can be changed, 
each inverter in FIG. 17 A. ^ In the ring oscillator shown m. FIGS. 15-18, transis- 

Referring to FIGS. 17A and 17B, inverters 15 and 25 tors with an increased channel length L are used when 
each include a PMOS transistor Ip and an NMOS tran- an output signal of a long cycle is generated, and there- 
sistor in connected in a complementary manner. PMOS fore resistance value R increases, current flowing from 
transistor Ip and NMOS transistor in each have an ON the power supply terminal to the output node and cur- 
resistance value R. Inverters 15 and 25 each have a 45 rent flowing from the output node to the ground node 
capacitance C detenmned by the channel length L and decrease, thus decreasing current consumption by the 
channel width W of each of PMOS transistor Ip and ring osciUator. 

NMOS transistor ^ ^ ^ . However, capacitance C increases, and therefore 

The oscillation cycle T of the rmg oscillator is the current consumption by the capacitor increases. A ring 
sum of tune delays t of the mvertcrs, and time delay t is 50 oscillator with such a large current consumption is nol 
represented as follows: suitable for application to a circuit for generating 

ta:nxc backup voltage for a memory device, such as to a sub- 

strate bias voltage generation circuit. 
RaiL/w,Cc:WxL (1) Transistors 12p and 12n for current limiting shown in 

55 FIG. 19 are apphed only for a PLL circuit device and 
(2) used only for serially controlling the oscillation cycle. 
Accordingly, the oscillation frequency changes around 
From expression (2), the time delay t of each inverter a reference clock signal, and therefore the size of the 
is determined by the channel length L of an MOS tran- ring oscillator mostly depends on the gate lengths L of 
sistor. Accordingly, in order to prolong the cycle of the 60 transistors lip and lln for switching. Accordmgly, in 
output signal, approaches such as (1) to increase the order to provide a ring oscillator with an oscillating 
channel length, (2) increase the number of stages of cycleof 7.6;is and a current consumption of 1.91 ;tA, for 
inverters, and (3) to decrease the amount of current example, the gate lengths L of transistors lip and Hn 
supply to the inverters can be considered. for switching must be the same as those shown in FIG. 

However, increase of R (=L/W) decreases charge/- 65 18. Therefore, the current consumption by input capaci- 
discharge current to/from the gate, but increases C tance C cannot be reduced. 

(= Wx L) as well, and therefore charge/discharge cur- FIG. 20 is a circuit diagram showing a ring oscillator 
rent to/from the gate is conversely increased. Such for FM-modulating an analog input signal. The circuit is 
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Jffi*^* ^"P""», rT',o,«'^^"°P" ^^y*''* ^'^^^^^ ^°'»«8e) can be generated even wth 

61-M7614 (laid open on M. 15 1986). the gate lengths of the third and fouTth transistors being 

™h ^.^^ « " Furthermore, when first, third, fourth, ^d f«t tran- 

So^Du^I?" " '° ' '"^'be ord« between the 

T>.rZr.- V ■ • TT./^ power supply node and the ground node, thioush cur- 

« J^f 1,^ m FIG. 20 pxov,de a pulse ^ent flowing from the power^y Sod^totiteS)^ 

signal havmg a frequency corresponding to the level of node can fimher be r«luced " ™ 

an analog input amal t> • n awuv^. 

The longest cycle for the pulse signal is about at most 10 ^nSl'I^lf' 
ten times ^ long as the shoLt cyTAoc^^^l^^ toTaSt v^^JL™ ? 
order to provide a ring oscillator having a large cycle * ^ • ^^'^ generator, a level drop detector, a 
(7.6^) a^d current co^nsumption of 1, /l^ fhe ge f^^^^ l!?^ " 

lengths L of transistors lip iid lln for s>i^hing liust «„?.hJ^«?«^^ r^^ ""^^"^ ^^'"^"^ 

be the same as those in FIG. 18. Therefore, current 15 """^ ^^^^nti^^ of tl^^ pre^nt mvention will become 
consumption due to input capacitance C cannot be re- "iT from the foUowing detaUed description 

duced. of present mvention when taken in conjunction with 



SUMMARY OF THE INVENTION 



the accompanying drawings. 
BRIEF DESCRIFnON OF THE DRAWINGS 



It is an object of the invention to restrain current 20 r^r- ^ - ... 

consumption in a ring oscillator generating an output r - circmt diagram showing one embodiment 

signal of a prescribed cycle. ^f ^ oscillator according to the invention; 

Another object of the invention is to restrain current ^ ^ ^ circuit diagram for use in illustration of 

consumption in a constant voltage generation circuit operation of one stage of inverter shown in FIG. 1; 

using a ring oscillator. 25 ^ ^ ^ circuit diagram showing a specific exam- 

Briefly stated, a ring oscillator according to the in- ^*^5 operating the inverter shown in FIG. 1 in a 

vendon includes a plurality of inverters and a feedback prescribed cycle and with prescribed consumption cur- 
interconnection. The plurality of inverters are cascade- 

connected between input and output nodes. Each in- circuit diagram showing a ring oscillator 
veitcr includes first and second transistors and a current 30 according to a second embodiment of the invention; 
luniting element The first and second transistors each 5 is a circuit diagram showing a ring oscillator 
have a channel sized so as to have an input capacitance according to a third embodiment of the invention; 
component for delaying the output signd of a preceding ^G, 6 is a circuit diagram showing a ring oscillator 
stage inverter for a prescribed time period, and are according to a fourth embodiment of the invention; 
turned on/ofF in a complementary manner in response 35 ^ a circuit diagram showing a specific exam- 
to the ou^ut signal of the preceding stage inverter. The P^^ operating the ring oscillator shown in FIG. 6 in 
current limiting element has a mutual conductance sized ^ prescribed cycle and with a prescribed current con- 
corresponding to a resistance component for delaying sumption; 

the oiitput signal of a preceding stage inverter for a ^^G. 8 is a circuit diagram showing a ring oscillator 
prescribed time period together with the above- 40 according to a fifth embodiment of the invention; 
described input capacitance component, and hmits cur- 9 is a circuit diagram showing a specific exam- 
rent flowing from the power supply node and the P^e for operating the inverter in FIG. 8 in a prescribed 
ground node to the first and second transistors. The cycle and with a prescribed current consumption; 
feedback interconnection feeds back the signal of the FIG- 10 is a circuit diagram showing a ring oscillator 
output node to the input node. 45 according to a sixth embodiment of the invention; 

In operation, the input capacitance component is FIG- U is a circuit diagram showing a specific exam- 
determined by the sizes of tiie channels of the first and ple for operating the inverter shown in FIG. 10 in a 
second transistors, die resistance component is deter- prescribed cycle and with a prescribed current con- 
mined by limiting current widi the current Ihniting sumption; 

element, and dierefore the input capacitance compo- 50 HG. 12 is a block diagram showing a DRAM includ- 

nent and die resistance component for delaying the ing a VBB generation drcuit and a Vpp generation 

signal of a preceding stage inverter can independendy circuit; 

be determined. Accordingly, if, for example, a ring FIG. 13 is a block diagram showing die VBB genera- 

osciUator having a short oscillation cycle of about 200 tion circuit shown in FIG. 12; 

nsec can be made into a ring oscillator having a long 55 FIG. 14 is a block diagram showing die Vpp genera- 
cycle of about 7;isec such as a substrate potential gener- tion circuit shovra in FIG. 12; 
ation circuit by limiting current. Furdiermore, since die FIG. 15 is a drcuit diagrani showing a conventional 
mput capacitance component is small, charge/dis- ring oscillator, 

charge current attributable to die input capacitance HG. 16 is a wavefonn chart showing die output of 

component is small, and power consumption is reduced 60 the ring oscillator shown in FIG 15- 

as compared to a ring osciUator used in a conventional FIG. 17A is a circuit diagram sho^ving in detail first 

sutetrate potential generation circuit. stage inverter 15 and second stage inverter 25 shown in 

when die current bmiung element is formed of third FIG. 15; 
and fourdi transistors and a current determining ele- FIG. 17B is a plan view showing a transistor consti- 
ment coupled operatively to die control electrodes of 65 tuting each inverter shown in FIG. 17A- 
third and fourth transistors, die ON resistance values of FIG. 18 is a circuit diagram showing a specific exam- 
he third and fourdi transistors can be controlled, and pie for operating the ring osciHator showTin FIG 15 
dierefore an output signal having a prescribed cycle for 7,6ms, and I 91pA; 



TABLE 1 


Cycle 


Currenc Consuinption 


200 ns 


7.84 >iA 
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FIG. 19 is a circuit diagram showing another example Ic each have an ON resistance value Rl. Capacitance 
of a conventional ring oscillator; and created by the gates of P channel transistor 2a and N 

FIG. 20 is a circuit diagram showing yet another channel transistor 2d is referred to as C. Under the 
example of a conventional ring oscillator. above-described condition, a time delay for one stage of 

DESCRIPTION OF THE PREFERRED ^ inverter is given as follows: 
EMBODIMENTS 

(3) 

FIG. 1 is a circuit diagram showing a ring oscillator 
according to one embodiment of the invention. Refer- As can be seen from expression (3), to decrease i can 
ring to FIG. 1, the ring oscillator includes inverters 1-5, 10 prolong the oscillation cycle with capacitance C corre- 
and a circuit 6 constituting part of a current mirror sponding to a reduced cycle, and consumption current 
circuit. Inverter 1 includes P channel transistors la and can be reduced. The use of capacitance C correspond- 
Ib, and N channel transistors Ic and Id. P channel ing to the reduced cycle means that the gate lengths and 
transistor la has its one electrode connected to a power gate widths of P channel transistor la and N channel 
supply node, the other electrode coimected to one elec- IS transistor Id are small. 

trode of P channel transistor lb, and its gate electrode FIG. 3 is a diagram showing the gate width/gate 
connected together with the gate electrode of N chan- length of inverter 1 shown in FIG. 1. The relation be- 
nel transistor Id to an input node IN. P channel transis- tween oscillation cycle and current consumption by the 
tor lb has its the other electrode connected together inverter shown in FIG. 3 is set forth in Table 1. 
with the other electrode of N channel transistor Ic to an 20 
output node 7, and its gate electrode connected to cir- 
cuit 6 constituting part of the current mirror circuit N 
channel transistor Id has its one electrode connected to 
the ground node, and its the other electrode connected 
to one electrode of N channel transistor Ic. N channel 25 
transistor Ic has its control electrode connected to cir- As described above, the inverter mcludes transistors 
cuit 6 constituting part of current mirror circuit. The la and Id for switching, and transistors lb and Ic for 
above-described P channel transistor lb and circuit 6, current limiting whose current conductance is deter- 
and N channel transistor Ic and circuit 6 constitute a mmed in relation to the sizes of transistors la and Id for 
current mirror circuit. P channel transistor la and N 30 switching. Since these transistors la-Id are connected 
channel transistor Id constitute a switching circuit. in scries between the power supply node and the ground 
Inverters 2, 3. 4, and 5 have the same structure as m- node, the W and L sizes (in other words capacitance C) 
verter 1. of transistors constituting inverter 2 which is to be a 

Now, operation of the ring oscillator shown in FIG. succeeding stage load can be reduced, and therefore 
1 wQl be described. It is assumed that input signal IN 35 current by charge/discharge at gate electrode can be 
rises from 0 volt to power supply voltage Vcc When reduced. As a result, current consumption can be re- 
input signal IN rises from 0 volt to power supply volt- duccd- 

age Vcc, N channel transistor Id is turned on. When N Transistors lb and Ic limiting current are formed of a 
channel transistor Id is completely turned on, and the current mirror circuit, current flowing across gate elec- 
gate-source voltage Vcs of N channel transistor Ic for 40 trodes can be controDed by voltage from circuit 6 con- 
limiting current is larger than a threshold voltage Vth, stituting part of the current mirror circuit without re- 
N channel transistor Ic is turned on. In response, the ducing W/L (without increasing the size of gate length 
voltage of node 7 decreases to GND, and the output of L). 

inverter 1 attains an "L" level. P channel transistor 2a Furthermore, since the other electrodes of transistors 
among transistors 2a and 2d included in the second 45 lb and Ic for Hmiting current (drain electrodes) are 
stage mverter receives the output of the "L" level and used as the output node of an inverter, transistors lb and 
IS turned on. When P channel transistor 2a is completely Ic for limiting current will not be turned on unless 
turned on and the gate-source voltage VcsofP channel transistors la and Id for switching are completely 
transistor 2b for limiting current is smaller than thresh- turned on. Accordingly, time for a leading edge and a 
old voltage P channel transistor lb is turned on 50 trailing edge of a waveform can be reduced even in a 
and the voltage of node 8 rises to Vcc. In response, the long cycle (6.2fis), and therefore through current can be 
output of inverter 2 attains an "H" level. restrained. 

The output of inverter 3 similarly attains an "L" FIG. 4 is a circuit diagram showing another embodi- 
level, the output of inverter 4 attains an "H" level, and ment of the invention. The ring oscillator in FIG. 4 is 
the output of inverter 5, in other words output signal 55 different from the ring oscillator in FIG. 1 in that a 
OUT attains an "L" level. Output signal OUT is used resistor 6d and an NMOS transistor 6e are additionally 
for the next mput signal IN and output signal OUT is provided between one end of resistor 6a and the drain 
mverted m a cycle corresponding to delay time for the electrode of NMOS transistor 6c Resistor 6a has a 
five stages of inverters. resistance value Ra, and resistor 6d has a resistance 

Herein, the five stages of inverters are used to consti- 60 value Rb. 
tuting the ring oscillator by way of illustration, but odd Now. operation wUl be described. When an input 
number stages more than five may be employed. signal <f> attains an "H" level, N channel transistor 6c is 

FIG. 2 IS a diagram for use in illustration of operation turned on and the resistance value Ra of resistor 6a is 
of one stage of inverter for the ring oscillator shown in reached. At the time, current i flowing through circuit 
- 65 6 is ii =V/Ra. If input signal <f> attains an "L" level, N 

Refemng to FIG. 2, P channel transistor la and N channel transistor 6e is turned ofT, the composite value 
channel transistor Id each have an ON resistance value Ra+Rb of resistors 6a and 6d is obtained, and current I 
R2,.andP channel transistor lb and N channel transistor flowing through circuit 6 is l2=V/(Ra-<-Rb). Thus, 
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ii>i2 holds. T, <T2 is established for the cyde, because Tlie ring oscillator shown in FIG. 10 is different from 

„1 „ . , , . oscillator shown in FIG. 8 in that instead of 

th™!'?'^^',"*"*^ °^ resistance decreases connecting P channel transistors la. lb. N channel tian- 

r„oi!^t^ " n."^ thtrtfott the sistors Ic, Id in series between power supply node Vcc 

*?lll^f«?fi,"*^' ^ ^ "^^"^^ ' ground node, P channel ttansistor lb. P channel 

faDuId^ A " " " '^""'^ '° ""^^ ^' ^ ''^^ N channel 

XT /^-^ , . , transistor Ic are connected in the order between t»ower 

Note that although in the embodiment shown in FIG. supply node Vcc and ground node. ^ 
4, N channel transistor 6e is used as a switch for select- In operation, the ring oscillator shown in HG 10 
hvL'^T^ "fT- * controDed 10 cannot restrain through current as opposed to the in- 

by an mput signal <^ may be used. verier shown in FIG. 8. but performs ttTsame opera- 

n,I;,J^ ^ ^"^'""5 ^ ™g oscillator shown in FIG. 8 for the oOo- 

ment of the invention. The nng oscillator shown in functions luiwcomca^ 

■ ""^ i» nG. 11 is a diagram showing a specific example of 

FIG. 1 m that Ae circuit constitutmg part of the current 15 the gate width/gatflength of inverter ISstown^HG 
mirror circuit IS formed of P channel transistors a and 10 8uioiiiivcncri«snownmrio. 
^^f!L^^^, transistors 6d and 6L TTie structure of As illustrated m FIG. U. prolonging the gate lengths 
stovSS^mn IS the same as the circuit oftransistorslbandlcforiiLing^t^creS! 

rfrr.^t fi^rL. • xii<- , .4 r rcsistancc valuc bctwccn flic dxain clectTodes of tiansis- 

.uS^v t>it»!^ r K *^ ^ tois la and Id for switching, and therefore it wiD not be 

S\n^S7^ W^l" «» and Id for limitiS 

oy a y 7» from power supply voltage Vcc to attain an first embodiment 

^^}^^:J^ tJ^^ ^ FIG. 12 is a block diagram showing a DRAM includ- 

toon can be secured as compared to the first embodi- 23 ing a VBB generation circuit and 1 Vpp generation 

circuit 



acS2'dl"«tSi* Showing a ring oscillator Referring to FIG. 12. DRAM 100 includes a memory 

acconimg to imother embodiment of the mvention. In ceU array 85 including a number of memory cells, 

^utoJto^lLSi^^. •T'*" "^f^ ? 30 signals AO to An. a row dicoder 82 Ld a column^ 

wrr ^.f ^ ™»g oscillator shown coder 83 for addressing a row and a column in memonr 

m FIG. «, the cfram side of transistors la and Id consti- cell array 85 in response to a received addnJS 

S^^^^^^r;™*^*:?^"?^.'^.'^'*^"'^^^ andasenseamplifie?84foramplifying1C^S 

^^.^ ^ °^ fro"* « cell. Input dfta Di is^JS 

« « " ^T"*"*"^ * "^""^^ a data in buffer 86. C^tput data Do is K 

ll^7 I J"^^"^ T^' *° , , « '^'^ °« "-ff" »7. DRAM 100 includS a 

acSSiry^sSoiTfof^^^ SrJ^t,Jyvfss^«-is\£'£s 

In the nng oscillators shown in FIGS. 1. 4. 5, and 6, vated ' hnc js actt- 

transistors lb and Ic for limiting current are formed of FIG. 13 is a block diagram showing VBB Keneration 

^^8T«rTV:ii"?i^^«*^"^'°^*°^ circuits?. VBB generSS»iS«"S 

in FIG. 8, the gate dectrode of P channel transistor lb tor 89a. a short cyde ring osdllator 89b afct <S 

« connected to GND. while the gate dectrode of N pimip drcuit 89c. a teng IjSTSS^rSd^^^ 

diamiel fr^isistore Ic is comiected to power supply second diarge pump «S WelS^^Wa d«ec^ 

poteiti^ Vcc so that constant resistance is always gen- the outpi^^tTge ^^d^^^uSp^S 
erated. Second to fifth stage mverters 21, 31. 41. and 51 50 decreasing bdow fixed voltage VBB (-2 V)^ a^- 

have^the same configuration as that of first stage m- vates short cyde ring osdllftor Short^cy^ Sg 

TTTr- o*:. ^ • 1- . oscillator 89b cascadcKXJnnects unit inverters 15-35 

«n^w„ , , °^ «^ tv.0 switching transistors^and Ito 

^^LTn^- °" °^ tjansistors la-Id in the F«st charge pump circuit 89cLponds to the oZit of 

first stage of the mg oscillator shown in FIG. 8. In the 55 short cyde ring oscillator 89p and Kenerat« voltie for 

mverter shown m FIG. 9. the W/L's of transistors lb biassing' the substrate terSTto ^Sve 

andlcforhm..mgcujTentare4/200and2/200. respec- (-3 V) so that a transistor indutoi ma fa 

tivdy, and considerably large compared to the first to not activated »«» m a memory ceil is 

fourth CTibodiments. The ratios of gate width/gate Long cycle ring oscillator 89d cascade-oonnects in- 

engti, of switching circuite la and Id are the same as 60 verters illustrated in the above-d^S^T^to 5xSi 

^ embodiments. More spedficaDy. in embodiments, and always oscSh^kTa Sid cSt 

Sf„^ t!!'^'"^'* *t»"°''« of ^"''"^ '^'^^P- Short cycle ring oscillator 89b osdllate inTcyde of 

tion «n be reduced without changing the size of the 200 ns, for example, while long cyde riw ^c^b^r 8M 

^tdimg orcmt For the size of eadi of transistor has an oscillation cyde of 7 sil oscillator 89d 

% ff^^^i^ « "i-^- 65 Second charge pump circuit 89e responds to the out- 

mi«dm a cydeof 7.6^ pw of long cycle ring oscaiator89d and generates voU- 

no. 10 b a arcmt diagram showing a ring oscillator age for biassing the substrate terminal to a native 

accordmg to yet another embodiment of the invention. potential (-3 V) as in the case of^d^Lge^ 
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circuit 89c. The output node of second charge pump 
circuit 89e is connected together with the output node 
of first charge pump circuit 89c to the substrate tennina] 
and detector 89a. 

In operation, long cycle ring oscillator 89d is always 
activated. Second charge pump circuit 89e responds to 
the output of long cycle ring oscillator 89d and gener- 
ates substrate bias voltage VBB. The oscillation cycle of 
long cycle ring oscfllator 89d is set longer than the cycle 
of short cycle ring oscillator 89b, current consumption 
is reduced. Furthermore, since the structure shown in 
the first to sixth .embodiments is implemented, current 
consumption is further reduced from the conventional 
long cycle ring oscillator (FIG. 18). 

As in the foregoing, tiie VBB generation circuit 
shown in FIG. 13 can greatly reduce power consump- 
tion and therefore very much effective when used for 
generating backup voltage for a DRAM device. 

FIG. 14 is a block diagram showing Vpp generation 
circuit 93 shown in FIG. 12. Vpp generation circuit 93 
as in the case of VBB generation circuit 89 shown in 
FIG. 13 includes a detector 93a, a short cycle ring oscil- 
lator 93b, a first charge pump circuit 93c, a long cycle 
ring oscillator 93d, and a second charge pump circuit 
93e. The Vpp generation circuit is different from the 
VBB generation circuit in that first and second charge 
pump circuits 93c and 93e generate positive voltage 
Vpp. The positive voltage Vpp is voltage for setting a 
word line WL to a slightly higher potential (5.8 V, for 
example) than power supply voltage Vcc during a writ- 
ing cycle period. A row decoder 82 includes a multi- 
input NAND circuit 82a, PMOS transistors 82d, 82e, 
and 82f, and NMOS transistors 82b, 82c and 82h. Row 
decoder 82 decodes a row address signal, and supplies 
constant potential Vpp generated from Vpp generation 
circuit 93 to word line WL. 

In operation, an output signal in a long cycle is gener- 
ated by long cycle ring oscillator 93d, and in response to 
the long cycle output signal, second charge pump cir- 
cuit 93e generates positive voltage Vpp. When voltage 
Vpp decreases, detector 93a detects the decrease of 
voltage Vpp, and activates short cycle ring oscillator 
93b. Thus, voltage generated by first charge pump cir- 
cuit 93 is added to voltage Vpp generated by second 45 
charge pump drcmt 93e, and the i>otentia] of word line 
WL rises. 

As in the foregoing, the use of Vpp generation circuit 
93 shown in FIG. 14 provides a constant voltage gener- 
ation circuit with a reduced power consumption. 50 

Although the present invention has been described 
and illustrated in detail, it is clearly understood that the 
same is by way of illustration and example only and is 
not to be taken by way of limitation, the spirit and scope 
of the present invention being Umited only by the terms 35 
of the appended claims. 

What 25 claimed is: 

1. Constant voltage generation circuit, comprising: 

a fu^t ring oscillator including a plurality of cascade- 
connected first inverters for generating a first sig- 60 
nal in a first cycle; 

first voltage generation means responsive to the first 
signal in the first cycle generated by said first ring ' 
oscillator for generating a first voltage; 

detection means for detecting an amount by which an 65 
absolute magnitude of the first voltage is less than a 
prescribed absolute magnitude and generating a 
detection signal; 
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a second ring oscillator including a plurality of cas- 
cade-connected second inverters and responsive to 
the detection signal received from said detection 
means, for generating a second signal in a second 
cycle shorter than said first cycle by feeding back 
the output of a final stage inverter to a second stage 
inverter, each of said second inverters including (i) 
first and second transistors each having a channel 
sized to delay an output signal of a preceding stage 
inverter for a first time period corresponding to 
said second cycle and being turned on/off in a 
complementary manner in response to the output 
signal of said preceding stage inverter, and (ii) 
current limiting means having a mutual conduc- 
tance whose size is selected correspondmg to a 
resistance component for achieving said first time 
delay together with said input capacitance compo- 
nent for limiting current flowing from the power 
supply node and the ground node to said first and 
second transistors; and 

second voltage generating means responsive to the 
second signal in the second cycle generated by said 
second ring oscillator for generating a second volt- 
age. 

2. Constant voltage generation circuit as recited in 
claim 1, wherein each said second inverter includes first 
and second transistors each channel of which is sized so 
as to have an input capacitance component and a resis- 
tance component for delaying the output signal of a 
preceding stage inverter for a second time period corre- 
sponding to said second cycle. 

3. Constant voltage generation circuit as recited in 
claim 2, wherein 

said first and second voltages are provided to a semi- 
conductor substrate as a substrate bias voltage. 

4. Constant voltage generation circuit as recited in 
claim 2, wherein 

said constant voltage generation circuit is provided in 
as a semiconductor memory device, and said first 
and second voltages are provided to a word line 
driver circuit 

5. Constant voltage generation drcnit, comprising: 
a first ring oscillator including a plurality of cascade- 
connected first inverters for generating a first sig- 
nal in a first cycle; 

first voltage generation means responsive to the first 
signal in the first cycle generated by said first ring 
oscillator for generating a first voltage; 

detection means for detecting an amount by which an 
absolute magnitude of the first voltage is less than a 
prescribed absolute magnitude and generating a 
detection signal; 

a second ring oscillator including a plurality of cas- 
cade-connected second inverters and responsive to*^ 
the detection signal received from said detection 
means, for generating a second signal in a second 
cycle shorter than said first cycle by feeding back 
an output of a final stage inverter to a first stage 
inverter, each of said second inverters including (i) 
first and second transistors each having a channel 
sized to delaying an output signal of a preceding 
stage inverter for a fu^ time period corresponding 
to said first cycle, and being turned on/off in a 
complementary manner in response to the output 
signal of said preceding stage inverter, (ii) a third 
transistor having an ON resistance value corre- 
sponding to a resistance component for achieving a 
first time delay together with said input capaci- 
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tance con^jonentior limiting current nowine from Minuting current flowing from said second transis- 

* tor to the ground node; and 

a power supply node to said first transistor, and Qii) second voltage generating means responsive to the 

second signal in the second cycle generated by said 
a fourth transistor having an ON resistance value ^ second ring oscillator for generating a second volt- 

age* 

corresponding to said resistance component for ♦ • ♦ • * 
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[57] ABSTRACT 

An integrated circuit voltage cooverter containing a capaci- 
tivc charge pump performing DC to DC conversion is 
disclosed which detects, cither automaticaUy or by ao exter- 
nal signal, the onset of a low power consumption situation 
and switches to a low power consumption mode. In one 
embodiment, the low power consumption mode is accom- 
plished by reduciiig the operating frequency of the charge 
pump. In another embodiment, the switching nransistors 
used to switch the capadton in the charge pump during a 
low power consumption mode are smaller than those tran- 
sistors used to switch the capadtors during its normal 
operating mode. In another embodiment, the DC to DC 
converter switches back and forth between a high frequency 
(burst) mode and a low frequency (low power) mode at 
intervals. In another embodiment, a conobination of the 
power reduction techniques is used. Various techniques for 
detecting when a low power consumption mode is appro- 
priate are also described. 

21 Claims, 3 Drawing Sheets 
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POWER SAVING TECHNIQUE FOR FIG. 3 is a conventional CMOS circuit for ouiputting one 

BATTERY POWERED DEVICES of two voltages. 

FiPi n OF TUP ngvPNTTHM ^ " * Schematic diagram of a known diargc pump 

FIELD OF THE INVENTION providing a posiUvc and negative ou^c voltage at double 

This invention relates to battery powered electronic ^ the battery voltage, 

devices and, more particularly, to a DC to DC converts PIG- ^ '^^ diagram of an oscillator whose frequency may 

having a low power consumption mode. be adjusted by changing any one of a number of parameters. 

FIG. 6 is a block diagram illustrating the switchine 

BACKGROUND OF THE INVENTION between a high frequency and a low frequency oscillator 

Converters which convert a DC battery voltage to a FIG. 7 illustrates a transistor switch which may be used as 

diflferent DC voltage for connection to circuitry within a * transistor switch in the charge pump of FIG. 2 which, in 

device, such as a laptop computer or a portable telephone. setting, operates in a normal operating mode and. in 

are commonly used. The prolonging of battery life is a soother setting, operates in a low power consumption mode, 

constant challenge to the designers of such devices. iS FIG. 8 is a schematic diagram of a DC to DC converter 

In such a device powered by a battery coQncctcd to a E>C illustrating automatic detection circuitry which triggers the 

to DC converter, battery current is consumed by both the onset of a low powcx consumption mode of the converter, 

converter and the drcuilry connected to the converted FIG. 9 illustrates anodicr embodiment of the converter 

voltage. Frequently, the circuitry powered by the converted which automatically selects cither a normal operating mode 

voltage can be operated in a low-power standby nnxlc, ^ or the low power consumption mode depending on whether 

whereby the circuitry is controlled in some fashion to the output voltage is below a threshold voltage, 

consume low power. Such a standby mode is used in FIG. 10 is a block diagram of an integrated circuit 

portable telephones while not actively transmitting or incorporating the novel converter and transmit/receive buff- 

recciving and used in laptop computers after a period of ers for use as an RS-232 franscciver. 

nonuse. However, it is common that the voltage converter in ^ 

these devices continues to operate in its normal fashion and DET AILEp DESCRimON OF THE 

thus still uses considerable power during its operation. Such PREFERRED EMBODIMENTS 

power consumption in a switching type charge pump is nO. 1 is a block diagram iUustrating one embodiment of 

piman^y due to Ac switdiing transiston* parasitic capaci- the invention. In the preferred embodiment, the DC to DC 

lancc charging and discharging at the operating frequency of ^ converter !• is formed as a packaged integrated circuit The 

the converter. number of pins will depend upon tbt paiticuiar application 

Even during a no-load condition, where the load is of the converter. For example, if converter 10 were intended 

disconnected from the cfaaxge pump, it is often not desirable for use in an RS-232 interface application, a sepsntc voltage 

to con^letcly shut down (he charge pump circuitry due to output pin may be provided for +V and -V. If the capacitors 

the relatively long start-up time for the converter to provide needed in converter 10 were suflOciently large and could not 

a steady state voltage. be formed on-chip, then converter 10 would include pins for 

What is needed is an integrated DC to DC converter connection to external capacitors. Such a resulting converter 

containing a charge puixqi, where the converter has a low using extenal capacitors would still be classiAed as a 

power consumption mode while still providing a converted ^ single chip converter for purposes of this disclosure, 

voltage at its output Additionally, a battciy voltage V^jy pin and a battery ground 

pin are provided on the package. In one embodiment a low 

SUMMARY power consunq)tion signal pin PI is also provided on the 

An integrated circuit voltage converter containing a , ^ . 
charge pump pafonning DC to DC conversion is disclosed 43 ^ package contained addiUonal circuitry powered by 

Which detects, either automaticaUy or by an external signal, converter 10, additional pins may also be 

the onset of a low power consumption situation and switches ^^^^^ Such a package containing converter 10 and addi- 

to a low power consumption mode. ^^^^ circuitry may be used as an RS-232 transceiver. The 

¥ I- j» ^ . . . additional circuitry may Include buffers which receive an 

In one embodiment, the low power consumption mode is .j^^i L ~7 wmcu receive an 

^^pllshca by rc-ucu.g *c^dngJS|ency of » t ^»sSZ ^i^'^c" l" 

charge pump. In another embodiment the switching fran- described later "ius««c» m riu. iv. lo oc 

sisters used to switch the capadtMs in the charge pump ^ ^ r r^r-. * 

during a low power consumption mode arc smaller than 7*"^ converter 10 of FIG. 1 conlams a charge pump 12 
those transistors used to switch the capacitors during its switching operation may be conventionaL 

normal operating mode. This may be accomplished by ^J^<>cl^cpun^aredescrib«^ 
switching fewer transistors in parallel in the low power 2 an 4. 

consumption mode. In another embodiment, a combination ^ oscillator 14, whose frequency can be changed in one 
of the two power reduction techniques is used. embodiment, is connected to the charge pump 12 and 

Various techniques fcr detecting when a low powa con- ^ «>«^^the switching te^^^^ within charge pump IZ 
sumption mode is appropriate are also described " detection and logic circuit 16 is shown coupled to 

the outputs of charge pun^ 12 to either detect the cuirent 
BRIEF DESCRffTION OF THE DRAWINGS ^"^^ piovided by converter 10 or to detect the output 

. voltage of converter 10. Upon detection of a low power 

FIG. 1 IS a block diagram of one embodiment of the DC consumption condition, logic circuit 16 cither consols the 
to DC converter having a low power consumpUon mode. 65 switching n-ansistcrs in charge pump U to operate in a low 
FIG. 2 is a schematic diagram of a known charge pump powa consumption mode and/or lowers the switching frc- 
circuit for generating a negative voltage. quency of oscillator 14, as described in greater detail later. 
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A second dctectioo and logic drcuit 18 has a cx)ntrol input opened, and the voltage across transfer capadtor 44 is 

connected to an external pin PI of convener 10. A prede- placed aaoss reservoir capacitor 54 via the closing of 
tcrmined logic level signal is applied to pin PI to signal that switches 50 and 52. When the volugc across transfer 

converter 10 should be placed into a low power consumption capacitor 44 is placed across reservoir capacitor 54. the 

mode. Logic circuit 18 then cither controls the switching 5 positive end of transfer capacitor 44 is connected to ground 

transistors in charge pump 12 to operate in a low power line 56 through switch 52. and the negative end of capacitor 
consun^tion mode or lowers the switching frequency d* 44 is connected to the side of reservoir capacitor 54 con- 

osdllaior 14. Either or both of logic circuits 16 and 18 may nected to -2V^ output line 58. The polarity of the voltage 

be used while still achieving the purpose of this invention. across reservoir capacitor 54 with respect to ground line 56 

FIG. 2 is a prior art charge pump whose basic circuitry lO is such that die voltage across reservoir capadtor 54 is 

may be used in diargc pump 12 in RG. 1. The charge pump negative. The output of reservoir capacitor 42 is connected 

of FIG. 2 generates an ou^ut voltage Vout which is a +2V^ output line 60. 

negative of the input battery voltage V,^ An external load The first and second phases of the circuit operation 

22 is powered by the -Vgf, voltage. described above are repeated at a typical frequency which 

An oscUiator 24 operating at virtually any operating approximately 100 Hz to greater than 100 

frequency, such as 15 KHz to 100 KHz, produces a train of KH^ for » nictal gate 10 volt charge pump device, 

pulses which are applied to control terminals of switchbg In the diatge pimq)s of FIGS. 2 and 4, it takes several 

transistors SWl and SW2. The switching transistors phase cycles before the desired ou^ut voltage is achieved 

described in this disdosure may be MOS or bipolar tran- The anticipated load connected to the outputs of the 

sistors. The cpeiation of the charge pun^ of FIG. 2 is as ^ charge pun^s of FIGS. 2 and 4 affects the design of the 

follows. In a first switdi position, illustrated in FIG. 2. charge pump in that larger capadtors may be used to provide 

capacitor CI is charged to voltage V,^, with its upper a higher current to the load. Such capadtors may be con- 

tezminal connected to V;^ and its lower terminal coupled to nected external to the integrated drcuit converter 10. Higha 

ground. In a next switching position, under control of switching frequencies also supply a higher current to the 

oscillalar 24. tfie top cermioal of capadtor CI is coimected ^ load. 

to ground, and the bottom terminal of capadtor CI is In the present invention, the charge pumps of FIGS. 2 and 

connected to the lop terminal of capadtor d. The bottom 4, well as any other conventional charge pump, may 

terminal of capadtor C2 is connected to ground. Since the gcncraUy be used as charge pump 12 in FIG. 1, as modified 

top terminal of capacitor CI is connected to ground and by the teachings hexdn to allow the charge pump to be 

capadtor CI is charged to V,^, the bottom terminal of ^ operated in both a normal operating mode and a low power 

capacitor Cl is at a voltage of -V^^ and, thus, capacitor C2 consuiiq)tion mode. FIGS. 5-9 iUustrate modifications to the 

becomes diargcd to this voltage. Capadtor C2 now provides convenUonal diargc pumps which enable these charge 

the relatively constant voltage of -V,^ to the load 2Z pumps to operate in dthcr a normal operating mode cr a low 

Switching n-ansistors SWl and SW2 are cycled at the power consun^on iiKxJe 

frequency of oscmator 24 so that the diarge capadtor C2 5 ^^^^^ ^ ^^^^ 

IS repeatedly replemshed as current is drawn by load 22. ^ ^^^^^ 14 conventional tcch- 

Switches SWl and SW2 may each be a conventional piques to generate a oscillating frequency across terminals 

CMOS inverter as shown in HG. 3. comprising an NMOS 66 and 67. One skiUed in the art would understand the 

tt^sistor 26 and a PMOS transistor 27. As the oscillator 24 ^ numerous varieties of oscillators which may be used in this 

voltage applied to the gates of transiston 26 and 27 alter- invention. In conventional oscillators, the frequency of 

nates between a high and low voltage, transistors 26 and 27 osdUation can be changed by changing the value of a 

couple either a voltage or a voltage to the output of resistor, a capacitor, a cuirent source, a voltage source, or a 

the CMOS circuit. combination of these conqwnents of the oscillator. In osdl- 

FIG. 4 illustrates a charge pump circuit which is the 45 lators which use an RC feedback path to control the fir- 
subject of U^. Pat No. 4,897,774, assigned to Maxim qucncy of osdiladon. Che frequency is irUted to URC. 
Integrated Products, incorporated herein by reference. TTie in nG. 5. die output frequency of oscillate 14 may be 
diarge pump <rf HG. 4 is useful in an RS-232 iccdver and lowered by changing the value of d&ff capadtance Cl, 
transmitter whidi requires both a positive voltage and a resistor Rl. current source II. or voltage source VI. These 
negative voltage to be genaated Referring first to the ^ parameter values can be changed by making any one of the 
positive volugc douWff portion of the circuit of FIG. 4. components variable or by placing additional components in 
transfer capadtor 30 is charged from voltage source 32 pa^Ud or in scries with the components shown in FIG. 5. 
(having a value V^) by closing switches 34 and 36 while n should be understood thai changing any parameter of 
switches 38 and 40 remain open during a first phase. During oscillator 14 to adjust the osciUator frequency is envisioned 
a second phase, switches 34 and 36 are opened and switches 33 for this invention. 

38 and 40 are closed. ^ parameters in oscillator 14 is controllable 

When switches 38 and 40 arc closed during Uk second by a control signal, as shown in FIG. 1 on line 74. which is 

phase, the voltage source 32 is effectively placed in scries generated by dthcr logic circuit 16 or logic cfrcuit 18. The 

with the voltage stored across the transfer capadtor 30 and parameters are controlled to place osdllaicr 14 in a low 

thus the sum of Uie voltage across voluge source 32 and 60 frequency mode when logic drcuit 16 cr logic circuit 18 

capacitor 30 is placed across reservoir capadtor 42. detects dial a low power consumption mode for the DC to 

The mverting portion of the voltage doubler circuit oper- DC converter 10 should be initiated. The reduction in the 

ates as follows. Transfer c^dtor 44 is charged to the oscillator frequency reduces the switching frequency of all 

voltage across reservoir capadtor 42 via the switches 46 and the switching transistors in diarge pump 12, sudi as those 

43. which are closed during the first phase of operation of the 6S switching transistors in the charge pumps of FIGS. 2 and 4. 

circuit while switches 50 and 52 remain open. During the Hence, the frequency of the charging and discharging of the 

second phase of circuit operation, switches 46 and 43 are parasitic capacitances in the various switching traosistcrs is 
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reduced. This reduces the power consumption of the charge Ou^ut rcscrvoii capacitors: c,g., 0.1 \iF vs. 10 ^F- 

pump 12. but also reduces the aioount of cuireat the chaige In another embodiment, switches SW^ and SW^ do not 

pun^ 12 can deliver to a load. operate in paraUcl but operate in an eithct/or configuration 

In one embodiment, the control signal on line 74 controls where only one or the other is used to couple the voltage to 

oscillator 14 to reduce its output frequency to 1/100 the ^ ihe top terminal of capacitor CI. Tliis xmy be accorx^lished 

normal (^)eraxing frequency of the oscillator; however, ofter by placing anotha switch in series between the osciliator 14 

ratios arc abo suitable, depending on the expected load and the control leimioal of switch SW^ to selectively disable 

during the low power mode. The low power frequency and either switch SWj^ or SW^. 

normal operating frequency should be set depending on the 8 illustrates one construction of logic circuit 16 

particular application. lb one embodiment the frequency of to which automatically detects a low ou^ut current being 

Qsdllalar 14 is switched from a frequency of 10 KHz- 100 drawn by load 22 connected to one output of the converter 

KHz in the normal mode to 100 Hz to 1 KHz in the low 1* of FIG. 1. An impedance 82. such as a resistor, is 

power consumption mode. connected in senes between the load 22 and charge pump 12 

In another embodiment of oscillator 14, shown in FIG. 6. ^ current drawn by load 22 flows through the 

two oscillators, OSCl and 0SC2. arc used, and the control impedance 82. Impedance 82 may instead be on the left side 

signal on line 74 controls a switch 76 which connects the capacitor C2 but would then be outside of the integrated 

charge pump 12 switching transistors to either the high circuit and require extra pins. 

frequency signals provided by OSCl (for the normal opcr- ^ comparator 84 senses if the differential across the 

ating mode) or the low frequency signals generated by terminals of inqsedance 82 is below a threshold level. 

0SC2 (for the low power consumption mode). ^ indicating that the current through impedance 82 is low 

Oscillator 14 could be a ring oscillalor or any other known enough to allow the charge pump 12 to provide the required 

form of osciUaior. If oscillator 14 were a ring oscillator, one po^er to load 22 even in the low power consumption mode, 

or more inverters in the ring would be bypassed for high ou^ut by comparator 84 is applied to 

frequency operation. osdllalcr 14 to lower the frequency of oscillator 14. as 

Techniques to detect whether a low power consumption " P^'cvio^sly described with respect to HGS. 5 and 6. or 

mode should be initiated arc described later applied to charge pump 12 to cause the swUching transistors 

Another method to reduce the power consumption of ^•j^.^^' '^"^ power consiimption mode, as previously 

chaise pump 12 is to lower the effective capacitaS^of one ^^kT ^' ^'^T '""^l 

or more of the switches used within chargVpun^ U. TTiis ^ ^^/"^^^^^"^ <^^^ ^f^^' ^^^^ impedance 82 

is iUustrated in FIG. 7. HG. 7 depicts swiuAcsTS and 79 f prcdctcrmmcd logic signal if this current is 

which may substitute for switches SW, and SW,. below a threshold amount ^ . . . . 

le^vely, in the charge pump of HG. 2 or in any "'^^ m FIG. 1 may be a simple circuit which 

conventional charge pump Switches 78 and 79 consist of a f^'''" ^^^f:^^°«* ^^^^^ ^} 

laige switching transistor SW^ and a smaU switching tran. „ ^J'ff' IT*^"^ logic level on 

sistcrSW^whaethclargertriisisiQrhasaparasitic^pad- control Ime 74 to cause oscUhlor 14 to be operated at a low 

tancewhidiislaigerthanthatofthesmaUcrnrLsistor. ^"^Pf^ ^ ^""i ^^^'^ transistors m diarge 

the larger transistor draws mere current from the battery than ^ ^ PJ^^ consumption mode. In one 

the smaU transistor when their respective gates arSged, <=^cmt 18 may be ehminatcjL and the 

assuming the transistors areMOS Sansistors. Switches ^ ^^^'^^/'f^f Z ' ? .°i>f*^^ pump 12 may be 

and SW, may also be bipohir transistors whose par^itic ^ Jt^"^ T"^ SL- r • - 

capacitances are also related to their sizes. illustrates anoth^ emboduncnt of the invcnuon 

, , . J ,^ ^ . . .« where the output voltage V>,,,,. across the outwit caoadtor 

In a nonnal operaUng mode, both swrtches SW and SW^ Coot is sensS and coipiSTu, a dirtshold ^Uge^^ 

clT^^V^^^^rj:^^'"^"''^'' a^Lparalor 88. If ftfoutpat volUge is above 
CI to eithex V,^ground or groundA'^./r « Uueshold voltage, indicatinrtbat die charge pump 12 is 

When a low powa- consumpaoo mode is initiated, logic providing the required cunent to the load thToStout of 

I **^ff control terminal of comparaior 88 pn,vides a logic level to logic drcuit 16 

switch SW^ from the osaUatw 14. or otherwise disables agaifying thai a low power consumptioD mode may be 

switch SW^. to cause switch SW^ to act as an open circuiL ap,,opriate. Afto any preddaminedtime delay (including 
The switch SW^ may be disabled by a switch connected „ zero delay) provided by timer 89. logic circuit 16 then 

between fte connroJ terminal of switch SW^ and osdllator contiols osdllator 14 to decease its frequency or controU 

14 or by any other suitable technique. If switch SW^ is Uie switching transistors in charge pump 12 to be in their low 

normally dosed, then logic circuit 16 or 18 would also aa power consumption mode 

to disconnect switch SW^ from the circuit so that only the if tf,e current provided by charge punm 12 is insufficient 

smaller switch SW, operates to couple the terminals of „ ,„ power load 22. the output voltage V^^r will become 

capacuor Cl to the proper nodes. In one embodiment, the lowo than the threshold voltage 86. and conajarator 88 will 

laiger swit^« S W^ are 10 to 20 times greater in size signal logic circuit 16 to place oscillalor 14 or charge punm 

(channel width) than the smaUer switches SW,; however. u i„ fts „ocmal opendng mode. Converting to the normal 

other ratios wotdd also be suitable. In one embo^nt, the operating mode wiU then raise the output voluge Wour 

laiger switches SW^ have a channd wiAh of 60(X) microiis «, above the threshold voltage, and the necessary current wiU 

and a channel length of 6 mtcrons. for PMOS switdjes. and be jrovided to the load 22. After a predetcimined amount of 

a width of 3000 microns and a length of 6 microns for die such as zero to one millisecond, depending on the 

NMOS switches. Many factondetcnnine the prefened size appUcadon requirement as weU as loading and supply 

of the transistors for a paiticuUr application, such as: conditions, logic drcuit 16 will then automaticaUy cause 

Technology choice: L^=5n for high voltage CMOS vs. « j conveittx 10 to operate in its low power consumption mode. 

L«i,=lM mid-voluge CMOS; The cycling between die normal operating noode and the low 

Vsltage requirement: e.g., 10 volt vs. 2S volt; power consumption mode then contioues. 
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The threshold voltage may be obtained from any node in a low power oonsuix4)tion detection circuit for detecting 

charge pump 12 whi<^ is related to the output voltage. A when a low power consumption mode of said charge 

divider circuit may be inserted between Vc^^-and conapara- pump is appropriate and. in response to such detecting, 

tor 88 to divide y^auT ^ suitable range for comparison for causing said switching transistors in said chaige 

with the threshold voltage. 5 pump to draw less current from said power supply, said 

In one embodiment, the oscillating frequency provided by low power oonsun^tiQa detection circuit comprising: 

osdllaior 14 is continuously variable to cause the output an impedance in series between a load and a terminal 

voltage to just meet the tttfcshold voltage. of said charge pump, wherein a current through said 

The circuit of FIG. 9 operating in the normal operating load is reflected by a current through said imped- 

mode for a predetermined time may be referred to as a burst ^^^g. 

""^^ ^^.JHf^tion. GcncraUy, it is envisioned that this burst 3 detector for dcicnnining a voltage drop across said 

mode wdJ be operated for a relatively short tmie compared impedance and for gTnerating a signal reflecting 

to the low power consumpUon mode. „I?lrk„ , . • . -j . ?• ul, Z u i5 

In anothir^embodimcnl the time delay incurred before * ""^'^^ "^'^ ^ ^^^^ ^ 
logic circuit 16 switches to a low power consumption mode ^ ^ r . • , ^ , 
is variable and is based on the time it takes for the ou^ut 15 2. The circuit of claim 1 wherein said low power con- 
voltage to faU below the threshold voltage when converter ^umpUon dctecoon oxcuii receives a first signal and causes 
10 is in the low power consumptioo mode. If the time span " operating frequency of said charge pump to be lowered, 
is short indicating that load 22 is drawing a relatively high ^' ciicuU of claim 1 wherein said low power con- 
current, then the time delay between cyclings between sumption detection circuit is connected to said charge pump 
modes can be increased. 20 controls said switching transistors within said cfaaiige 

The techniques described herein can reduce the operating pump to have a lower effective capacitance so as to draw less 

current of converter 10 significantly, such as by greater than current from said power supply during each switching cycle 

99%. For a typical converter, the normal operating current of said charge pun^. 

may be 1 raA to 10 mA. while the low power consumption 4. The circuit df claim 3 whexcio said charge purap 

operating current may be as low as 5 ^ to 50 \iA. 25 comprises two or more capadtcrs controllably connected 

In an alternative embodiment, a reduced power consump- together by said switching transistors operating at the opcr- 

tion mode and a low power consumption mode are made ating frequency of said charge pump, wherein one cr more 

available to converter li. depending on the load of said switching transistors conmrisc: 

fr^l'.i^n^.f ; ""'"^'"i' with multiple selc^ble , ^^^^ ^^^^ ^ ^^^^ ^_ 

S^l^riftif-nS^^^^^ 30 s«tora>nncct.dinpat^el^^^^ 

modes (e.g.. three or iore). conncOed u paraUel during said low 

no, le is a block diagram of a packaged integrated P^^*' consumption mode, said first switdiing transis- 
circuit 92 containing converter 10 of FIG. 1 as weU as switching transistor, 
buffers 94 and 96, Buffers 94 and 96 receive an input signal X**^ ^ wherein said charge pump 
on transmit pin T and receive pin R and output a voltage +V 35 comprises two or more capacitors controllably connected 
or -V on output pins of the integrated circuit 92. The various together by said switching transistors operating at the oper- 
transfer and reservoir capadtocs used by converter 10 arc frequency of said charge pump, wherein one or more 
shown extcriud to package 92. The various circuits described of said switching transistors comprise: 
in FIGS. 1-9 or a combination of such circuits may be a fint transistor and a second transistor, said first switch- 
incorporated into converter 10 to provide both a normal 40 ing transistor being larger than said second switching 
operating mode and a low power consumption mode. The transistor, said fii^t switching transistor being enabled 
circuit of FIG. 10 may be used as an RS-232 famUy of when jwoviding a switching function at said operating 
transceivers. frequency in a normal mode of said charge pump, said 

Accordingly, various embodiments of an integrated or- second switching transistor bdng enabled, while said 

cuit DC to DC converter having a low power consumptioo 43 fi^si switching transistor is disabled, for providing a 

mode have been described. The low power consumption switching ftinction at said operating frequency during 

mode may be initiated automatically or by an externally said low power consumption mode of said charge 

generated signal. Such automatic detection or externally pump. 

generated signal may designate a low power consumption The circuit of daim 1 wherein said charge pump 
mode, a complete shut down mode, or other mode. 50 comprises two or more capacitors controllably connected 
WhUe particular embodiments of the present invention together by said switching transistors operating at said 
have been shown and described. U wiU be obvious to those operating frequency of said charge pump, wherein said two 
skiUcd in the art that changes and modifications may be or more capacitos are connected external to an integrated 
made without departing from this invention in its broader circuit package bousing said switching transistors, 
aspects and, therefore, the appended claims are to cncom- 55 7. xhe circuit of claim 1 wherein said low power con- 
pass within theu^ scope all such changes and modifications as sumption detection circuit receives a first signal and causes 
faU within the tiuc spirit and scope of this invention. an oparaiing frequency of said charge pump to be lowered 
What is claimed is: to 1^55 ^^^^ ^f the operating frequency of said 
1. An integrated single-chip circuit comprising: charge pun^ during a normal mode of said charge pump, 
a switching charge pump which receives a first voltage 00 8. The circuit of claim 7 wherein said low power con- 
from a powCT supply and ou^uts a second voltage sumption detection circuit also receives a second signal and 
different from said first voltage, said charge pump causes said operating frequency of said charge pump to be 
incorporating switching transistors which draw an lowered to a frequency lower than said operating frequency 
operating current from said power supply; during said low power consumption mode, 
an oscillator connected to said switching transistors 65 9. The circuit of claim 1 wherein said low power con- 
within said charge pun^ for oontrc^ling an operating sumption detection circuit receives a first signal and causes 
frequency of said charge pump; and an operating frequency of said charge pump to be lowered 
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to less than one hundredth of the opcraling frequency of said detecting the onset of a low power consumption mode by 

charge punip during a nonnal mode of said charge pump. passing cunent flowing from said charge pump into a 

10. The clrcuil of claim 1 wherein said switching tran- load through an impedance in series between said load 
sisters arc MOS transistors. and a taminal of said charge pump, wherein the current 

11. The circuit of claim 1 wherein causing said switching 5 through said load is reflected by the current through 
transistors in said charge pump to draw less current from said impedance, determining a voltage drop across said 
said power supply oompriscs lowering said operating fre- ijnpcdancc and generating a signal reflecting whdhex 
quency of said charge pun^. said current into said load is below a threshold current; 

12. The circuit of claim 1 further comprising one or more controlling an osdUator to output an operadng frequency 
buffers on the same integrated circuit chip as said charge lO in repose to said detecting- 
pump, said one or more buffers being powered by an output driving switching transistors ^thin said charge pump 
voltage of said charge pun^, said one or more buffers having with said operating frequency and 

It 4Z ■ : puinp to draw less cuirent fiom said oowex suDDiv 

13. The arcuit of daiin 12 wherein said circuit is con- u —TIHw^ ..:a _i. _ \. ^ »«i>i«j 
figured as an RS-232 transceiver. ^ ^ said charge puivp by dumguig said oper- 

14. The circuit of claim I wherein said osciliator com- IB*??! of Sd*!!! w'^*""' h « ^ • 

_;,„ ^,,„ „ .,, . . , .. .„T^ If. Tnememod Of daun 18 wherein said ste» of causing 

pnses two or more oscillators, eacii of said oscillators -.m t^^.-..,,^ ^.-a.- j u ... 

generating a different frequency. f*"* tranuslors within said charge pump to draw 

ic Ti. ■ .J . less ourent from said power supply comprises of the stco of- 

15. The circuit of daun 1 wheicm said low power 20 , . . ^ v-v/unnuta w uit ui. 

consumption detection circuit coo^rises: operatmg frequency of said switching Iran- 



Tf^^ 7 companng a lim voltage repRsentattve 20. Tbc method of claim 19 wherein said step of lowaing 

^« J^'^ T ^ -T « • "P^'^R frequency of said switching traTsistors com 

threshold voltage ani upon detecnon of said first prises the step ofredudng said operating frequency of said 

y^^^iff^th,^s^1i»^^oUxolUgc.c»n. ^ switdung dinsiston to less throneTen* the gating 

toUmg said switdang iransiaors In said djarge pump frequency in a nonnal mode of operation to pUa said 

, ^Jl IHI'^ • . ^""8' P"™P ^ P^''" consumption mode. 

16. lUe orcuit of claim IS further compnsmg a Umer for jl. The method of daim 18 wherdn said switching 

causmg said diarge pump to be switdied into said low ttansistas comprise first type switdiing transistors and 

^^.Tl'^Z'^'^^J^^"^'^ ^said 30 secondtypesSngtransb2Ss.saidfa^typebeingla,Sr 

fir« voltage IS deteded as bemg above said threshold uian said second type and wherdn said ste^^causkg^d 

.J .J.. switching transistors within said charge pump to draw less 

IT The orcuit of daim 16 where said pcnod of time is current from said power supply comprisS^ the step of 

f "^V* ""^^^ l**/"^ « '^'^ said first t^ switdjig transSors in said diarge 

^i^^—^^L""'*''*"^''''^^""^*''*'* pumpwhileaUowiS^dsecondVswitdiing.ransi^ 

^t^r^^f ? ,u • , in "id diarge pump to controUably conned togilhff two or 

18. A indhod for lowaing the power consumption of a more capadtors in saiddiaige pump for geoMing a diarge 

switdung type diargc pump comprising the steps of: pump wi^ut voltage, 
recdving a voltage from a power supply into said charge 

pump; » » ♦ , » 
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ABSTRACT 



A DC/DC converter is provided with a DC power source; a 
reference voltage generating circuit; an amplifier which 
receives an electric power from the DC power source and 
outputs an electric power of which voltage is controlled so 
as to assume a target voltage value by stepping down the 
voltage of the electric power from the DC power source 
depending on a difference between the reference voltage and 
a detection voltage; an oscillation circuit which generates 
signals having a specific frequency; a voltage boosting 
circuit which receives the output of the amphfier and the 
output of the oscillation circuit, causes switching of the 
output of the amplifier at the specific frequency to charge a 
first capacitor, and performs voltage boosting by transferring 
the electric charges-charged in the first capacitor through 
complementary ON/OFF switching with respect to the 
former switching into a second capacitor after raising sub- 
stantially up to n/m time voUage (wherein n>m and n and m 
are integers equal to or more than 2) and charging the same 
therewith; and an output voltage detection circuit which 
generates the detection voltage depending on the output 
voltage of the boosting circuit, whereby a vohage of sub- 
stantially n/m times of the target voltage value is generated 
from the voltage boosting circuit. 

15 Claims, 5 Drawing Sheets 
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1 2 

DC/DC CONVERTER The DC/DC converter receives from the lithium ion 

BACKGROUND OF THE INVENTION ^k"7 c^i^/^'^'^n'' * ''^^^^ ^^^'"P^'; 

about 3.6V (usually, a certain voltage in a range of 

1. Field of Invention 3.0V-4.2V) and performs a boosting operation by turning 
The present invention relates to a DCVDC convener, and, 5 ON/OFF the switch circuits SW1-SW4 in response to pulses 

more ^ecifically, relates to a DC/DC converter which having a predetermined frequency being outputted from the 

suppresses noise generation during switching in a switched oscillation circuit (OSC) 13. 

capacitor type DC/DC converter which is used for a battery Namely, the DCTDC converter 10 turns ON the switch 

driven power source circuit for a portable telephone set such circuits SWl and SW2 and OFF the switch circuits SW3 and 

as for PHS (Personal Handyphone System) and portable lo SW4 to charge the capacitor CI (a first capacitor), further 

telephone system and a battery driven power source circuit performs a complementary switching (switching of revers- 

for a portable type electronic device such as an electronic ing ON/OFF state of the respective switch circuits) of 

book and a PDA. turning OFF the switch circuits SWl and SW2 and ON the 

2. Background Art switch circuits SW3 and SW4 to transfer the electric charges 
In a conventional electronic device driven by a battery having been charged in the capacitor CI to the power output 

such as the portable telephone set for such as PHS and ^ capacitor. C2 (a second capacitor) after boosting sub- 

poruble telephone system and the portable type electronic suntiaUy to doubled voltage and to charge the same, 

device, a circuit which is driven by a higher voltage than a As a result, the DC/DC converter repeats a so called 

normal battery voltage is incorporated. For example, an double voltage rectification and generates a voltage of about 

LED element drive circuit used as a back light in a liquid ^° 7.2V at the capacitor C2. Further, the switch circuits 

crystal display device and a signal transmission circuit are SW1-SW4 receive output pulses from the oscillation circuit 

such examples. In order to operate these sorts of circuits a 13 and are turned ON/OFF in response to High level thereof 

DC/DC converter for boosting the battery voltage is frc- (hereinbelow, will be referred to as "H") and Low level 

quently provided as a power source drcuil within these thereof (hereinbelow, will be referred to as "L"). Since the 

devices. 25 switch circuits SW3 and SW4 receive the output pulses from 

On the other hand, with regard to these sorts of battery the oscillation circuit 13 via an inverter, the switch circuit 

driven electronic devices, a size reduction and light weight- SW3 and SW4 perform the complementary switching opera- 

ing of the devices themselves have been advanced, and the tion with respect to the switching circuit SWl and SW2. 

size of power source circuit itself has been reduced and The oscillation circuit 13 performs oscillation upon 

correspondingly a circuit with a low power consumption has receipt of electric power from the lithium ion battery 11 and 

been demanded. In response Uiereto, in these sorts of devices outputs pulses of 50% duty ratio having a predetermined 

and apparatuses, a DC/DC converter, which transfers frequency to the charge pump circuit 12. Then, the DC/DC 

charged electric charges lo a capacitor by means of a converter detects the voltage Vo at the output side which is 

switched capacitor such as a charge pump circuit and boosts boosted by the charge pump circuit 12 at an output voltage 

up lo an n times voltage corresponding to a so called n times detection circuit 14 to feed back the same to the oscillation 

voltage rectification, is provided, for example, as a part of an circuit 13 and controls the oscillation frequency of the 

LED element drive circuit and a power source circuit oscillation circuit 13 so that the output voltage Vo is kept at 

therefor. In these sorts of devices and apparatus, the voltage a constant voltage. 

boated by such DC/DC converter is further regulated and However, in such switched capacitor type DC/DC 

stabilized at a constant volUge by a regulator to produce an converter, since the capacitor CI is connected lo the input 

LED drive voltage.. Tlicreby, a size reduction and a low side power source line Vm at the time of ON/OFF switching 

power consumption of the devices is realized. of the switches, noises with a high level are induced on the 

Although there are a variety of DC/DC converters of input side power source line Vin at the time of switching the 

diflferent types, however, in view of the LED element drive switches. Further, in order to stabilize the output voltage Vb 

circuit in which voltage boosting is performed by making the oscillation frequency of the oscillation circuit 13 is 

use of such as the charge pump circuit, it has been proposed controlled in which when the output voltage \o rises, in 

to utilize a so called switched capacitor type DC/DC con- order to lower the same the switching of the switches is 

verter of which entire power source circuit is also an n times performed before completing charging of the capacitor CI, 

voluge rectification type. therefore, noises are also induced on the output line of the 

FIG. 5 is an example of such power source circuits. output voltage Wo, 

In FIG. 5, a DC/DC converter 10 includes, regardless to Such noises reduces electric power conversion eflSciency 

the LED element drive circuit, a charge pump circuit (a as well as causes adverse effects to the surrounding circuits, 

double voltage boosting circuit) 12 which performs switch- In particular, since the frequency of the oscillation circuit 

ing at an oscillating frequency of an oscillation circuit 55 varies, the frequency ofthe noises likely varies which makes 

(OSC) 13. difScult to remove the noises by a filter. Especially, such is 

Respectiveterminalsof a capacitor CI ofthe charge pump problematic to battery driven portable type electronic 

circuit 12 are connected between an input side power-source devices and apparatuses, 
line (a positive electrode side of a lithium ion battery 11) Vin 

and the ground GND via respective switch circuits SWl and 60 SUMMARY OF THE INVENTION 

SW2. Further, the respective terminals of the capacitor CI An object of the present invention is to resolve the above 

are again connected to a charging side terminal of a power problems in the conventional art and to provide a DC/DC 

output use capacitor C2 and to the input side power source converter which can suppress noises induced at the time of 

line Vin via respective switch circuits SW3 and SW4. switching. 

The charging side terminal of the capadtor C2 is con- 65 A DC/DC converter of a first aspect of the present 

nected to an output terminal and the other terminal of the invention which achieves the above object is characterized 

capacitor C2 is connected to the ground GND. in that, the DC/DC converter comprises a DC power source; 
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a reference voltage generating circuit; an amplifier which FIG. 3 is a block diagram of one embodiment of a three 

receives an electric power from the DC power source and lime voltage boosting DC/DC converter to which the present 

outputs an electric power of which voltage is controlled so invention is applied; 

as 10 assume a target voltage value by stepping down the no. 4 is a block diagram of one embodiment of 1.5 time 

voltage of the electnc power from the DC power source 5 voltage boosting DC/DC converter to which the present 

dependmg on a difference between the reference voltage and invention is applied; and 

Lt'u tl no an osdUation circuit which generates p,g. 5 is a block diagram showing an example of con- 

nw^^ whT ' '^""iS" ^T^^ ^^^hed capadtor type DC/DC converters, 

curuil which receives the output of the amphfier and the r * 

output of the oscillation circuit, causes switching of the; 10 DESCRIPTION OF THE PREFERRED 

output of the amplifier at the specific frequency to charge a EMBODIMENTS 

2lSnu^^nN/n^^lnt?L .^"^ ^ 'C form which is driven by an electric power &om a 

^w-^hTno m^fLr^ ^ r ■ ° battery 11 and includes a power su Jply ^ error 

former switchmg mto a second capacitor after raising sub- 15 « i;fl^, o • -.^ • / ^wiwi 

stantially upto n/m time voltage (wherein n>m and n Ld m T^f" ^' ,\ f P'^P ™' ^' '"T' T^^^" 

are integers equal to or more Than 2) and charging the same '^'^'^ ™ .1 ^r output voltage detectton and .reference 

therewifh; and an output vohage detection dr^it which vo^uge gene«ung c,rcoit 5. and ^se annnts exeta^^^ 

generates the detection voltage depending on the output ^'te^U"? capacitors a and Q are formed mto a 

volUge of the boosang circuit whereby a^oltage of sub- 20 LP^fK^ 'T'"'^" ^yj^tf''^ 

stantially n/m times of the target voluge value is generated ''T ''^ 

from the voltage boosUng circuit. '"P"' 'erminal of the DC/DC converter 1, 7* is the 

c.^i . ,• . . , . output terminal thereof and 7c is the ground terminal 

asnt? o/'.h™n^, nvt ^^^erter of a second hereof. TTte capacitor CI is connected be^een the termi- 

aspect of the present mvention, m place of the reference „3i, 7^ ^/^^^ ^^^^ ^ . 

c,>o f f«S * r*^* 2^""^. ^'""f'"* t,etWeen the terminal 7rf^and the ground GND 

u " 'I f ^ Farther, the same consUmtional elements in FIG. 1 as in 

detection circuit a voltage control circmt is provided wh ch ijir c * „ j.c;™.f.j k., , r •<-> x » lu 

controls the variable voUagc generating circidt depending on 5 '^^^'^'^ "^^^^ ""'""'^ 

the output voltage of the voluge boosting circuit, whereby, ' , . . 

the voltage control circuit controls the output voluge of the » P"^" supply use error amphfier 2 is an inverted 

variable volUge generating circuit depending on the output a°"P}'fi«r consututed by a differen&al amplifier and whidi 

voluge of the voltage boosting circuit, so that the output «ceives at the power source line Vcc thereof an electric 

voluge of the amplifier assumes the target voluge value and ."'^P"*"!^' electrode side of the lithium ion 

causes the amplifier to generate an electric power having the battery 11 via the termmal 7a to operate the same, steps 

target voltage value. 35 of l^e power source line Vcc through an 

. , , 1 • J • . J. , ^ output transistor Tr therein and sends out the output to an 

As has been explained in he above, according to the first ^u^, 5. ^ J^lig 2 

aspect of thepresent invention smce the output vd^^^^ «»»Pa«stbedetecUonvoltage3^Lidedvoltage) Vsof the 

S sTt^r^ "Tfi" " "^T^"^' '^"'T^ ^° ''f "'^^ circuit 4 and L reference voluge Vref of the 

^ fed back to the amphfier and the output voluge 0 the „fc,ence volUge generating circuit 5 and |enerates an 

amphfier is controlled so as to assume the Urget vo uge « electric power of I volUge for canceling the difference 

value, the volUge boosUng circuH which performs voltage depending on the difference at the output line 6. 

boosUng upon receipt of the output vohage of the amplifier r .u t ■ • , • 

can generate an electric power having a voltage of n/m limes ,h,nTh.'!;nh' v f ^ '^r ' if^'. ^"^1 

of the target volUge value. Thereby, the volUge boosting ^?l'f ^cc of the power source line Vcc (which 

circuit can output an electric power having a stabilized « ^orre^ond^ 0 the voltage of the hthium ion batte 

voltage of subsUntiaUy n/m times with respect to the Urget vS'tage vaTue Va determined as the Uiget 

""In tetLce. since the voltage boosting circuit pro- ,it^lT„rbM^lr:ii° .T^!"^ °^ 

duces the boosted voluge through the switching control^th SovT2V^ 1^ L , ? ^u' v "t'fv 1 ' 

.u . * r . , . , 50 01 J.UV-4.2V) and the target voltage Va is 3.2V, the nower 

the specific constant frequency, even when the boosted , ^ J^, amplifier 2 steps down the voltage ^fZ 

vo tage nses above the volUge of n/m times of the target po^er source Vcc by about 0.4V by me^ of ^e output 

^t^u^oe"L^^ ^ transistor Trandperformsacontrols^thatwhentheS 

the voltage boostmg operauon never happens to thereby Vs coincides with the reference output voltage Vrrf the 

suppress the noise generation. Moreover, since the switchmg , , ^ P vo2 Va of 3 2V 

frequency is kept constant, a circuit which facihutes noise Pui^her, for example, when assuming S voluge Va 

removal in the surroundmg circuits can be «ahzed^ j.jv, power s^ipply use error fmpliS J^^down 

As a result, m the switched capacitor type DCVDC the voltage of the power source line Vcc by about 1 IV by 

converter, the noise generation at the time of switching for means of the output transistor Tr and performs a control so 

voluge boostmg can be suppressed. tha, when the volUge Vs coincides with the reference 

BRIEF DESCRIPTION OF THE DRAWINGS I'?*'*?! Yf!^' *""P"' assumes the target voluge 

Va of 2.5V. 

HG. 1 is a block diagram of a switched capacitor type The charge pump circuit 3 is a double voltage boosting 

DC/DC converter representing one embodiment to which a circuit corresponding to the charge pump circuit 12 as shown 
DC/DC converter of the present invention is applied; 65 in FIG. 5, the input side power source line Vin thereof is 

FIG. 2 is a block diagram of another embodiment of a connected to the output line 6, the connection change-over 

DC/DC converter of the present invention; (switching) of the capacitors CI and C2 is performed by the 



us 6,400,211 Bl 

5 6 

pulses from the escalation circuit (OSC) 13 like in FIG. 5 In both instances, since the generated noise frequency 

and generates the output voltage Vo (o2Va) at the output corresponds to the oscillation frequency of the oscillation 

lernunal lb (or at terminal Id) after boosting the voltage of circuit (OSC) 13. the noises in the surrounding circuits are 

the output line 6 upto a double voluge. Further, since the easily removed by a noise removing filter and the surround- 

oscillation frequency is not controlled by the oscillation 5 ing circuits are hardly affected by the noises 

cu-cuil 13, a constant oscillation frequency is given here. u • j • ^^^rr^^ 

When applying the example where the target voltage Va . ^ '^'T' ' ^'""^^ ''^ 1'''.°' ^^^5 

is assumed'^L3.2Y the output voltage assumL 6.4V w^^^^^ representing another embodiment of the present 

is two times of the target voltage Va under the regulation "'^^.^^o^: "'.^^ich in place of the reference voltage gen- 

condition. In this insunce, the output voltage Vo boosted in e«tmg circuit 5 m FIG. 1 a vanable voltage generating 

double at the output terminal lb under a normal operating ^^^"^^ * ^ provided, m place of the differential amplifier 2 

condition falls in a range of about 4.8V-7.2V as a regulation ^" operational amplifier (OP) 2a is provided and further, in 

range. place of the resistor divider circuit 4 a voltage control circuit 

The resistor divider circuit 4 is constiuited by resistors Rl negative feed back circuit) 9 is provided. Further, in the 

and R2 connected in series between the output terminal lb Present embodiment, the electric power for the osciDalion 

and the ground GND, and generates the divided voltage circuit 13 is supplied from the output of the operation 

(detection voltage) Vs at the junction N of the resistors Rl amplifier (OP) 2a, A resistor Rf and a resistor Rs in the 

and R2. operation amplifier 2a are respectively a feed back resistor 

An operation, where the target voltage Va is 3.2V, will be ^ reference resistor, 

explained, if the voltage of the divider voltage Vs at the With regard to the operation of the present embodiment, 

junction N is high, the current output voltage of the power ^0 the output voltage of the variable voltage generating circuit 

supply use error ampUfier 2 is higher than the target voltage 8 is controlled by generating a negative feed back control 

^L'^ '^^' ^3 instance, the power supply use error signal (a control signal which suppresses the output voltage 

ampMer 2 performs an inverted amplifi^ when the same rises, and raises the same when drops) 

vnit. V "f"? ^ Yr '"^ ''^'''°u' ''"'P''^ ^^^^ ^^^s o^tP^t voltage of the variable voltage 

voltage Vref to mcrease the internal impedance in the output 25 8.depending on the output vohage Vo by 

transistor Tr, generates a reduced voltage at the output Ime fh^ „nh™ ^r,„f^i ^.^T •* o ♦ . i7 1 ^ 

6 to lower the output voltage Vo to bl boosted to double h v °^^P" voltage is amplified 

voltage by the charge pump circuit 3 and performs a control controlled by Oie operation ampler 2a so that the 

to assume Vs-Vref, Thereby, the output voltage Vo is ""^^^^^ operation amplifier 2fl assumes the 

controUed to assume 6.4V, two times of the target voltage. 30 Th«"^by. output voltage Vb is 

Contrary thereto, when the voltage of the divided voltage stabilized. 

Vs at the junction N is low, the current output voltage of the ^? ^ instance too, the oscillation frequency of the 

power supply use error amplifier 2 is lower than the target oscillation circuit (OSC) 13 is kept constant and the charge 

voltage Va of 3.2V In this instance, the power supply use pump circuit 3 always performs an accurate double voltage 

error amplifier 2 perfonns an inverted amplification depend- 35 boosting operation after completing the charging of the 

ing on the difference voltage -(Vref-Vs) from the reference capacitor CI. 

output voltage Vref to decrease the internal impedance in the FIG- 3 shows a DC/DC converter lb in which the charge 

output transistor Tr, generates a higher voltage at the output pump 3 in FIG. 1 is replaced by a three time voltage boosting 

line 6 to raise the output voltage \b to be boosted to double charge pump circuit 30, like FIG. 1 embodiment, the circuit 

voltage by the charge pump circuit 3 and performs a control 40 other than the battery 11 and capacitors C1-C3 are formed 

to assume Vs-Vref. Thereby, the output voltage Vo is into a single IC, however, the dotted line frame indicating 

controUed to assume 6.4V, two times of the target voltage. the IC region is omitted. 

In the above, the oscillation frequency of the oscillation In connection with the three time voltage boosting, a third 

circuit (OSQ 13 is kept constant and is set to a periodic capacitor C3 is provided which is charged together with the 

value in which the change-over timing is determined in such 45 capacitor CI. Further, the charge pump circuit 30 includes 

a manner that after completing charging of the capacitor CI seven switches (or switch circuit, the same is true in the 

the connection for boosting the terminal voltage of the following) SW1-SW7, and charges the three capacitors 

capacitor CI is started. Therefore, the charge pump circuit 3 C1-C3 therewith. Further, the capacitor C3 is connected 

always performs an accurate double voltage boosting opera- between terminals Ig and Ih. 

tion after completing the charging of the capacitor CI. 50 When explaining specifically, the output line 6 of the 

Thereby, the switching noises induced on the output line of power supply use error amplifier 2 is branched into three 

the output voltage Vo are suppressed. Further, the oscillation power lines 6a, 6b and 6c, The capacitor a is connected 

frequency of the oscillation circuit 13 falls in a range of 300 between the power lines 6b and 6c via the respective 

kHz-700 kHz. When the oscillation frequency is assumed, switches SW3 and SWl. The capacitor C3 is connected 

for example, as 650 kHz, each capacitance of the capacitors 55 between the terminal (terminal le) at the side connected to 

CI and C3 is about 0.22 //F and the capacitance of the output the power line 6b of the capacitor CI and the power line 6a 

use capacitor C2 is about 1 //F. If the output voltage Vo is via the respective switches SW4 and SW6. Further, the 

selected in a range of 5.0V-6.4V, the output power thereof terminal (terminal Ih) of the capacitor C3 at the side being 

is about 100 mA. connected to the capacitor CI is connected to the ground 

Further, in the present embodiment as shown in the 60 GND via the m switch SW5, and the terminal (terminal If) 

drawing, the input side power source line Vin of the charge of the capacitor CI at the side being connected to the power 

pump circuit 3 is connected not to the positive electrode of line 6c is connected to the ground GND via the switch. SW2. 

the battery 11, but to the output line of the power supply use The terminal (terminal Id) at the charging side of the 

error amplifier 2 and, in that connected to the positive capacitor C2 is connected to the terminal (terminal 7g) of the 

electrode of the battery 11 via the output stage transistor Tr. 65 capacitor C3 at the side being connected to the power hne 6a 

Thereby, the noise generation at the input side is also via the switch SWT, and the other terminal of the capacitor 

suppressed. C2 is connected to the ground GND. 
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Herein, Ihe switches SWl, SW4 and SW7 perform a charges thereof are transferred to the capacitor C2, and the 

complementary switching operation with respect to the voltage of the capacitor C2 assumes 15 time voltage, 

switches SW2, SW3 and SW6 by receiving the output pulses Herein, the capacitances of the respective capacitors CI and 

from the oscillation circuit 13 via the inverter 32. C2 are the same. 

In the embodiment circuit, during the interval when the 5 The above is an embodiment in which the voltage is 

output pulse from the oscillation circuit 13 assumes "H", as boosted by adding 0.5 times of Vin, however, in the same 

illustrated in the drawing, the respective switches SW2 mannerifntimesvoltageisaddedloO.Stimc voltage of Vin, 

SW3, SW5 and SW6 are turned ON, the respective switches ^^sted voltage of 2.5 times, 3.5 times ... can be generated. 

SWl, SW4 and SW5 arc turned OFF and the capacitors CI obtainmg n tmies voltage (wherein, n is an integer of 

and C2 are connected in parallel and are charged. During the 10 ^^^^ ^ ^an 3) by connecting two capacitors in 

inteival when the output pulse of the oscillation circuit 13 ^"'^It^tn^ ^'°Tf p^J{^' ''''^J^' ^ "'""^^ 

assumes «L", contrary thereto, the respective switches SW2, T^TZ ^ \ '° 

Qw< o«H CM//: ^ncctu i. capacuors are connected m series, 

^Wd?nH <.W7 T . nM J'?'^''''' '"^''^A' connection of the capaciton. is changed ove; 

SWl SW4 and SW7 are turned ON and the capacitois CI to a parallel comiection to obtain the voltage ViS/2 with 

and C3 are connected in series to the oulpul hne 6 (Vm) and 15 ^^^^^ ^^^^^ ^^j^^^^ therefore, in the like 

the terminal 7rf, further the terminal 7/is connected to the manner, at first k pieces (k is an integer equal to or more than 

output line 6, thereby, the voltage of the capacitors CI and 2) of capacitore are connected in series, thereafter, the k 

C3 is boosted by Vm. As a result, the tenninal voltage of the pieces of capacitors are connected in parallel to iereby 

capacitor C3 assumes the three time voltage of Vin and the obtain the voltage of Vm/k, and when the voltage Vin is 

electric charges thereof are transferred to the capacitor C2. 20 added to the obtained voltage, the boosted voltage Vin(k+ 

FIG. 4 shows a DC/DC converter Ic in which the charge ^ generated. Further, if voltage of nVin which is 

pump circuit 30 in FIG. 3 is replaced by a 1.5 time voltage boosted to n times voltage is added to the above boosted 

boosting charge pump 31. Like HG. 1 embodiment the voltage, a further boosted voltage can be generated. Further, 

circuit other than the battery U and capacitors C1-C3 are ^ of nVm(k+l)/k also can be generated, 

formed into a single IC, however, the dotted line frame ^ As wiU be understood from the above, voltage boosting to 

indicating the IC region is omitted voluge is generally possible. Wherein n>m and n 

nie charge pump circuit 31, likely, includes seven ^"'^ "'^'^ I . . 

switches SW1-SW7 and three capacitors Cl-O However embodiments as has been explained hitherto, the 
the connecting condition of the capacitors 01 and C3 i^ use of the Uthium battery is exempUfied, however, the power 

diflferent from that in FIG. 3 embodiment. ^ ^ ^° ^^^^^y* ^ut a power 

Namely, the capacitor CI is connected between the power "?T f^'^°«^«^^!^^«»Pa"'°r a power 

lines 6a and 6b via the respective switches SWl and SW2. ^^;l?nr ^S. ZTTi fu^' 

The capacitor C3 is connected between the terminal ^"^f ^o a DC can al^ 

(terminal If) of the capacitor CI at the side being connected ^^^^ ^"^'^ ^ ^ ^hed to the present 

to the power line 6b and the power line 6c via the respective «7u-. v 

switches SW4 and SW5. Further, the terminal (terminal 7^) 7 TrTn^n \ u , • . . ^^^^ 

of the capacitor C3 to which the ;vitchSW4 is connected ^ L A DC/DC converter characterized m that, the DC/DC 

connected to the terminal (terminal 7d) at the charging side Z7 I ^^T ' ^v7"' ' " T^^^' 
of the capacitor C2 via the switch SW6, and th7teiLial ^ ^TJfr^^T n^ ^^^^'^ which receives an electric 

(terminal 7/r) of the capacitor C3 at the side being connected ^ ? u ^ u P""^"' ^^f/^^ °^^P^^ ^ ^^^^^c 

to the power line is connected to the ground GNa l^Zfj^u!^^^^^^^^ 

Further, the terminal (terminal 7e) of the capadtor CI at the J^'f^^ ^^^^'^^ the electnc 

side being comiected to the power line 6a is connected to the ^7 T f P^^^^.^^^" depending on a difference 

tenninal (terminal Id) at the charging side of the capacitor "^'''^'^w " "^^f °° voltage; an 

C2 via the switch SW3 oscillation circuit which generates signals having a specific 

. *u J. . t_ • . r.^r. frequency; a voltage boosting circuit which receives the 

Uke the previous embodiment, the switches SWl, SW4 output of the amplifier and output of the oscillation 

and SW7 perform a complementary swiU:hing operation circuit, causes switching of the output of the amplifier at the 

with respect to the switches SW2, SW3 and SW6 by specific frequency to charge a first'^capacitor, a^d perforin^ 
receivmg the output pulses from the osciUauon circuit 13 via 50 voltage boosting by transferring the electric charges charged 

e mverter 32. ^^^^ capacitor through complementary ON/OFF 

Now, in the present embodiment circuit, during the inter- switching with respect to the former switching into a second 

val when the output pulse from the oscillation circuit 13 capacitor after raising substantially upto n/m lime volUge 

assumes "H", as iUustrated in the drawing, the respective (wherein n>m and n and m are integers equal to or more than 
switches SW2, SW3, SW5 and SW6 are turned OFF, the 55 2) and charging the same therewith; and an output voltage 

respective switches SWl, SW4 and SW5 are mmed ON and detection circuit which generates the detection vohage 

the capacitors CI and C2 are connected in series and are depending on the output voltage of the boosting circuit, 

charged. During the interval when the output pulse of the whereby a voltage of substantially n/m times of the taiget 

oscillation circuit 13 assumes "L". contrary thereto, the voltage value is generated from the voltage boosting circuit 
respective switches SW2, SW3, SW5 and SW6 are mmed 60 2. A DC/DC converter of claim 1, wherein the DC power 

ON, the respective switches SWl, SW4 and SW7 are turned source is a battery, the amplifier is a differential amplifier at 

OFF and the capacitors CI and C3 arc connected in parallel the inputs of which the reference voltage and the detection 

to the output line 6 (Vin) and the terminal 7d, further the voltage are respectively received, and the boosting circuit 

terminals 7/ and Ih are connected to the output line 6, includes a charge pump circuit for charging the first and 
thereby, the voltage of the capacitors CI and C3 is boosted . 65 second capacitors. 

by Vin. As a result, the terminal voltage of the capacitors CI 3. A DODC converter of claim 2, wherein the differential 

and C3 assumes the 1.5 time voltage of Vin and the electric amplifier is to perform an inverted amplification, the oscQ- 
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lalioD circuit is to generate a pulse for the switching oscillation, circuit, causes switching of ihe output of the 

operation, the specific frequency is a frequency having a amplifier at the specific frequency lo charge a first capacitor, 

period which permits the complementary switching after and performs voltage boosting by transferring the electric 

substantially completing the charging of the first capacitor, charges charged in the first capacitor through complemen- 
and the diflferential amplifier, the charge pump circuit, the 5 f^^y ON/OFF switching with reject to the former switching 

oscillation circuit, the output voltage detection circuit and * second capacitor after raising substantially upto n/m 

the reference voltage generating circuit are formed in an IC. voltage (wherein n>m and n and m are integers equal 

4. A DC/DC converter of claim 3, wherein the duty ratio ^^^^ ^^^^ ^) charging the same therewith; and a 
of the pulse is substantially 50%, the charge pump circuit voltage control circuit which controls the output voltage of 
includes a plurality of switch circuits which permit selective lo variable volUge generating circuit depending on the 
ON/OFF switching, and the selective ON/OFF switching of °"^P"^ voltage of the boosting circuit so that the output 
the plurality of switch circuits is performed in response to voltage of the amplifier assumes the target voltage value, 
the pulse. whereby a voltage of substantially n/m times of the target 

5. A DC/DC converter of claim 4, wherein the charge voltage value is generated from the voltage boosting circuit, 
pump circuit performs the selective ON/OFF switching of ^ DC/DC converter of claim 9, wherein the DC power 
the plurality of switch circuits, and after charging the first source is a battery, and the boosting circuit includes a charge 
capacitor by grounding one terminal of the first capacitor P™P circuit for charging the first and second capacitors, 
and by supplying at the other terminal thereof an electric . ^^ /^ DC/DC converter of claim 10, wherein the oscilla- 
power from the differential amplifier, the ON/OFF switching circuit is to generate a pulse for the switching operation, 
of the plurality of switch circuits is inverted, and the one specific frequency is a frequency having a period which 
terminal of the first capacitor is connected to the output pennits the complementary switching after substantially 
terminal of the differential amplifier lo generate a boosted completing the charging of the first capacitor, and the 
voltage at the other terminal thereof and to thereby charge amplifier, the charge pump circuit, the oscillation circuit, the 
the second capacitor. voltage control circuit and the variable voltage generating 

6. A DC/DC converter of claim 4, further comprises a ^^^"^^ formed in an IC. 

third capacitor wherein the charge pump circuit performs the 25 ADC/DC converter of claim 11, wherein the duty ratio 

selective ON/OFF switching of the plurality of switch ?^ substantially 50%, the charge pump circuit 

circuits lo connect the first and third capacitors in series, and includes a plurality of switch circuits which permit selective 

after charging the first and third capacitors by grounding one ON/OFF switching, and the selective ON/OFF switching of 

terminal of the series connection and by supplying at the plurality of switch circuits is performed in response to 

other terminal thereof an electric power from the differential 30 P^lse. 

amplifier, the ON/OFF switching of the plurality of switch A ^9^^ converter of claim 12, wherein the charge 

circuits is inverted, and the one terminal of the series P^P circuit performs the selective ON/OFF switching of 

connection circuit is connected to the output terminal of the ^® plurality of switch circuits, and after charging the first 

differential amplifier to generate a substantially three times capacitor by grounding one terminal of the first capacitor 

boosted voltage at the other terminal thereof and to thereby supplying at the other terminal thereof an electric 

charge the second capacitor. power from the amplifier, the ON/OFF switching of the 

7. A DC/DC converter of claim 4, further comprises a plurality of switch circuits is inverted, and the one tenninal 
third capacitor wherein the charge pump circuit performs the capacitor is connected to the output terminal of 
selective ON/OFF switching of the plurality of switch amplifier to generate a boosted voltage at the other 
circuits to connect the first and third capacitors in series, and terminal thereof and to thereby charge the second capacitor, 
after charging the first and third capacitors by grounding one ^ ^ DC/DC converter of claim 12, further comprises a 
terminal of the series connection and by supplying at the ^^^^ capacitor wherein the charge pump circuit perfonns the 
other terminal thereof an electric power from the differential selective ON/OFF switching of the plurality of switch 
amplifier, the ON/OFF switching of the plurality of switch circuits to connect the first and third capacitors in series, and 
circuits is inverted, the series connected first and third after charging the first and third capacitors by grounding one 
capacitors are connected in parallel, and the grounded one 45 l^rminal of the series connection and by supplying at the 
terminal is connected to the output terminal of the differen- ^^^^ terminal thereof an electric power from the amplifier, 
lial amplifier to generate a substantially 1.5 times boosted ON/OFF switching of the plurality of switch circuits is 
voltage at the other terminal thereof and to thereby transfer inverted, and the one terminal of the series connection 
the electric charges in the first and third capacitors to the circuit is connected to the output terminal of the amplifier to 
second capacitor. generate a substantially three times boosted voltage at the 

8. ADC/DC converter ofclaiml, wherein in place of the other terminal thereof and to thereby charge the second 
reference voltage generating circuit a variable voltage gen- capacitor. 

erating circuit is provided and in place of the output voltage ^-^^ ^ DC/DC converter of claim 12, fiirlher comprises a 

detection circuit a voltage control circuit is provided, third capacitor wherein the charge pump circuit performs the 

whereby, the voltage control circuit controls the output selective ON/OFF switching of the plurality of switch 

voltage of the variable voltage generating cfrcuit depending circuits to connect the first and third capacitors in series, and 

on the output voltage of the voltage boosting circuit so that after charging the first and third capacitors by grounding one 

the output voltage of the amplifier assumes the target voltage terminal of the series connection and by supplying at the 

value and causes the amplifier to generate an electric power ^^^^^ terminal thereof an electric power from the amplifier, 

having the target voltage value. {^'^ ON/OFF switching of the plurality of switch circuits is 

9. ADC/DC converter characterized in that, the DC/DC a ^0 inverted, the series connected first and third capacitors are 
converter comprises a DC power source; a variable voltage connected in parallel, and the grounded one terminal is 
generating circuit; an amplifier which receives an electric connected to the output terminal of the amplifier lo generate 
power from the DC power source, amplifies the output ^ substantiaUy 1.5 limes boosted voltage at the other termi- 
voliagc of the variable voltage generating circuit and outputs thereof and to thereby transfer the electric charges in the 
the same; an oscillation circuit which generates signals 65 capacitors to the second capacitor. 

having a specific frequency; a voltage boosting circuit which 

receives the output of the amplifier and the output of the ***** 
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ABSTRACT 



A voltage-controlled oscillating circuit according to the 
present invention includes: a bias voltage generating circuit 
outputting a bias voltage according to a control voltage; and 
a ring oscillator circuit receiving supply of the bias voltage 
to operate. The bias voltage generating circuit generates the 
bias voluge using a feedback circuit formed by an opera- 
tional amphfier receiving supply of a power source voltage 
to operate. Therefore, an influence of a high frequency 
component overlapped on the power source voltage, that is 
an influence of noise, is suppressed, thereby enabling stable 
generation of an ou^ut clock having a small variation in 
phase. 
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VCO CIRCUIT WITH WIDE OUTPUT The voluge-controllcd oscQlaling circuit 70 sliU further 

FREQUENCY RANGE AND PLL CIRCUIT includes: N-channel iransistore 62, 63 and 64 each, coupled 

WITH THE VCO CIRCUIT between a corresponding one of ground nodes supplying a 

ground voltage Vss and a corresponding one of the inverters. 
BACKGROUND OF THE INVENTION ^ ^° voltage-controlled oscillating circuit 70, the ring 

1 c- w f u I • oscillator constituted of the inverters at three stages per- 

1. Field of the Invcniion fornjs an oscillating operation. An oscillating frequency of 
The present invention relates to a voltage-controlled oscil- the ring oscillator is determined in the following way. 

lating circuit, and more particularly, to a voItage-controUed into the transistor 56, there flows the sum of a current 
osculating cucuii capable of altermg an oscillating fre- lo flowing between the drain and source of the transistor 54 

quency accordmg to a control voltage and to a phase-locked receiving the fixed voltage Vf at the gate thereof and a 

loop circuit, a so-called PLL circuit, equipped with the current flowing between the drain and source of the tran- 

vollage-controlled oscillatmg cu-cuit. sistor 55 receiving the control voltage Vc at the gale thereof. 

2. Description of the Background Art The current flowing between the drain and source of the 
In order to cooperatively operate a plurality of internal transistor 55 is controlled by the controlled voltage Vc. 

circuits implemented on the same system, employed are Since the transistors 56 and 57 constitute a current mirror 

phase-locked loop circuits (PLL circuit) each generating a circuit, currents equal to each other flow through the respec- 

synchronizcd clock. Especially, in recent years, an LSI live transistors 56 and 57 and the current of the transistor 57 

(Large Scale Integrated Circuit) has experienced progress flows through the transistor 58. Since the transistore 58 and 
toward its higher speed operation in company with minia- 2° 59 constitute a current mirror circuit, duplicated current 

turization; as a result, a margin in phase shift between a flows through the transistor 59. Furthermore, into the 

clock of the entire system on which an LSI is implemented P-channel transistors 60 and 61 for current controlling, there 

and an internal clock of the LSI has become narrowed, flow currents proportional to respective size ratios of the 

which in turn, has enhanced a chance of usage of a PLL transistors 60 and 61 to the transistor 59 (or the transistor 

circuit to compensate a phase shift. 58). Likewise, into the N-channel transistors 62, 63 and 64 

As a result, many of PLL circuits are required lo be for current controlling, there flow currents proportional to 

incorporated, which leads to increase in design load in order respective size ratios of the transistors 62, 63 and 64 to the 

to output synchronized clocks corresponding to a wide transistor 57 (or the transistor 56). 

frequency range. Accordingly, it is important to make an In such a configuration, an oscillating frequency is deter- 

output frequency range (lock range) of a PLL circuit as wide mined by operating currents flowing through the respective 

as possible and thereby, cover a necessary frequency range inverters at three stages constituting the ring oscillator and 

with a single PLL circuit. values of the delay capacitors 51c, 52c and 53c. The 

Since a lock range of a PLL circuit is largely dependent capacitors 51c, 52c and 53c determine delay times at the 

on an output frequency range of a voltage-controlled oscil- respective stages as load capacitances of the respective 

lator included, it is important to ensure a wide output inverters coiistituting the ring oscillator, 

frequency range of the voltage-controlled oscillating circuit. Hence, an oscillating frequency of the voltage -controlled 

A general configuration of such a voltage-controlled oscil- oscillating circuit 70 is altered by changing the control 

lating circuit is shown, for example in FIG. 2 of Japanese voluge Vc inputted to the gale of the transistor 55 to change 

Patent Laying-Open No. 9-200001(1997). The general con- each of operatiiig currents flowing through the respective 

figuration of a volUge-controlled oscillating circuit dis- inverters constituting the ring oscillator. Furthermore, since 

closed in the publication is hereinafter referred to the prior operating cm-rents flowing through the respective inverters 

of the ring oscillator are also altered by changing a set value 

FIG. 12 is a circuit diagram representing a configuration of the fixed voltage Vf inputted to the transistor 54; 

of the prior art voltage-controlled oscillating circuit 70. therefore, an oscillating frequency differs under the same 

Referring to FIG. 12, the voltage-controlled oscillating control voltage Vc applied. In other words, obtained are a 

circuit 70 has a ring oscillator constructed from inverters at plurality of oscillating frequency vs. control voltage Vc 

three stages. The ring oscillator includes: an inverter formed characteristics with a fixed voltage Vf as a parameter, 

of a P-channel transistor 51a and an N-channel transistor However, the prior art voltage-controlled oscillating cir- 

516; an inverter formed of a P-channel transistor 52fl and an 50 cuit 70 determines operating currents for the respective 

N-channel transistor 52b; and an inverter formed of a inverters constituting the ring oscillator through voltage to 

P-channel transistor 53fl and an N-channel transistor 53^?. current conversion according to the inputted control voltage 

Capacitors 51c, 52c and 53c to determine a delay value of Vc. As a result, a clock CLKO having an oscillating fre- 

the ring oscillator are coupled with output nodes of the quency corresponding to operating currents of the inverters 

respective inveners. 55 is outputted from the ring oscillator. 

The voltage-controlled oscillating circuit 70 includes: a Therefore, since a configuration is adopted of controlling 

P-channel transistor 54 receiving a fixed voltage Vf at the an oscillating operation of the ring oscillator by a current 

gate thereof; a P-channel transistor 55 receiving a control value, it is difficult to broaden an oscillating frequency 

voltage Vc at the gale thereof; and N-channel transistors 56 range. For this reason, it is also difficult to realize a PLL with 

and 57 constimting a current mirror circuit. 60 ^ wide lock range even if a PLL circuit is constructed using 

The voltage-controlled oscillating circuit 70 further such as voltage-controlled oscillating circuit, 

includes: P-channcl transistors 59, 60 and 61 each, coupled Moreover, as a typical cause for jitter (phase deviation) 

between a corresponding one of the inverters at three stages occurring in a clock generated by the PLL circuit, there can 

and a power source node supplying a power source voltage be named noise on a power source voltage pulse (hereinafter 

Vdd, and for controlling operating currents supplied to the 65 simply referred to as power source noise), 

respective inverters; and a transistor 58 constimting a cur- At this point, referring again to FIG. 12, when noise 

rent mirror circuit together with the transistor 59. occurs in the power source voltage Vdd supplied by the 
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power source node, source voltages of the current control lent in frequency characteristics; therefore, there can be 

P-channel transistors 58, 59. 60 and 61 are directly varied; realized a voltage-controlled oscillating circuit excellent in 

therefore, an influence of the power source noise is directly frequency characteristics and capable of generating a clock 

exerted on operating currents for the inverters consiimting with a small variation in phase in a stable way. 
the ring oscUlator. with the result that an oscillating fre- 5 According to a second aspect of the present invention, the 

quency of the vollagc<onlroUed osciUatmg circuit 70 is also present invention is directed to a voltagc<ODirolled oscil- 

affcclcd directly by the power source noise. ^^^^ circuit receiving a power source voltage to operate 

Therefore, a regulator circuit or a filter circuit for reducing and comprises: a voltage generating circuit; and a ring 

power source noise was required for use of the prior art oscillator circuit. The voltage generating circuit receives a 
voltage control osciUating circuit 70. lO control voltage and amplifies the control voltage at a pre- 

FIG. 13 is a circuit diagram representing a configuration scribed amplification factor to generate a bias voltage of a 

of a filter circuit provided correspondingly to a power source voltage level different from that of the control voltage. The 

voltage of the voltage-controlled oscillating circuit 70. ring oscillator circuit generates a clock having a frequency 

Referring to FIG. 13, a filter circuit 71 includes: a according to that of the bias voltage. The ring oscillator 

smoothing capacitance 72 coupled between the power circuit has an odd number of inverters interconnected in a 

source node 75 and the ground node supplying the ground closed ring and receives supply of the bias voltage at each 

voltage Vss; and a resistance element 73 coupled in scries converters to operate. 

with the power source node 75. The filter circuit 71 prevents Hence, in the voltage-controlled oscillating circuit 
a high frequency component superimposed on the power according to the present invention, an oscillating frequency 
source Vdd, that is noise, from being U-ansmitted to the ^ of the ring oscillator is controlled by the bias voltage 
power source node 75 using a low pass filter formed by the generated by the voltage shifting circuit including the opera- 
smoothing capacitance 72 and the resistance element 73. tional amplifier. Therefore, an adverse influence due to 
However, in the case where such a filter circuit 71 is power source noise can be suppressed to perform stable 
employed, a voltage level of the power source node 75 drops generation of a clock having a small variation in phase, 
when a value of the resistance element 73 is large. Hence, in According to a third aspect of the present invention, the 
order that a cut-off frequency determined by a product of a present invention is directed to a phase-locked loop circuit 
resistance value of the resistance element 71 and a capaci- generating an output clock for operating an internal circuit 
tance value of the smoothing capacitance 72 is made sufiB- in synchronism with a reference clock and comprises: a 
ciently low, a capacitance value of the smoothing capaci- phase comparator circuit; a conU-ol circuit; and a voltage- 
tance 72 has to be larger. As a result, an occupancy area of controlled oscillating circuit. The phase comparator circuit 
the smoothing capacitance 72 increases, which produces a compares the reference clock with a feedback clock from the 
problem that layout design becomes limited. internal clock. The control circuit sets a voltage level of a 

SUMMARY OF THE INVENTION "^^^^^^ °° ^ comparison result of the 
^uivuviAKi ut ittiiiiNVbiNiiuiN phasc Comparator circuit. The voltage-contToUcd osciUatiug 
It is an object of the present invention to provide con- circuit receives supply of a power source voltage to operate 
figurations of a voltage-controlled oscillating circuit having and supply the output clock having a frequency according to 
a wide output frequency range and capable of suppressing an control voltage to the internal circuit The voltage- 
influence of power sotiroe noise and of a phase-locked loop controlled oscillating circuit includes: a voltage generating 
circuit equipped with the voltage-controlled oscillating cir- 40 circuit setting a voltage level of a bias voltage according to 
c^t. the control voltage. The voltage generating circuit has: an 
The present invention will be summarized as follows: operational amplifier, which is an amplifier of a single-stage 
According to a first aspect of the present invention, the configuration, and receiving supply of the power source 
present invention is directed to a voltage-controlled oscil- voltage to operate. The operational amplifier has: first and 
lating circuit receiving supply of a power source voltage to 45 second input terminals electrically coupled with one of the 
operate and comprises: a voltage generating circuit; and a control voltage and a reference voltage and the other of the 
ring oscillator circuit. The voltage generating circuit sets a voltages, respectively; and an output terminal outputting the 
voltage level of a bias voltage according to a control voltage ^^^^ voltage. The voltage generating circuit further includes: 
inputted from outside. The voltage generating circuit ^ feedback portion coupled between the output terminal and 
includes: an operational amplifier, which is an amplifier of 50 second terminals. The voltage-controlled 
a single-stage configuration, and receiving supply of the oscillating circuit further includes: a ring oscillator circuit 
power source voltage to operate. The operational amphfier generating a clock, as the output clock, having a frequency 
has: first and second input terminals electrically coupled according to that of the bias voltage. The ring oscillator 
. with one of the control volUgc and a reference voltage and circuit has: an odd -number of inverters, interconnected in a 
the other of the voltages, respectively; and an output termi- 55 closed ring, and each inverter receiving supply of the bias 
nal outputting the bias voltage. The voltage generating voltage to operate. 

circuit further includes: a feedback circuit coupled between Furthermore, a phase-locked loop circuit according to the 

the output terminal and one of the first and second input present invention controls an oscillating frequency of an 

terminals. The ring oscillator circuit generates a clock hav- output clock of the voltage-controlled oscillating drcuit with 

ing a frequency corresponding to the bias voltage. The ring 60 bias voltage generated by the voltage generating circuit 

oscillator circuit has an odd-number of inverters, inleroon- including the operational amplifier excellent in frequency 

nected in a closed ring, and each inverter receiving supply characteristics. Therefore, an adverse influence can be sup- 

of the bias voltage to operate. pressed that would otherwise be exerted on the output clock 

Hence, a main advantage of the present invention is in that by power source noise without affecting stability of the 

an oscillating frequency of the ring oscillator is controlled 65 entire phase-locked loop circuit. 

by the bias voltage generated by the voltage generating The foregoing and other objects, features, aspects and 

circuit including a single-stage operational amplifier excel- advantages of the present invention will become more 
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apparent from the following detailed description of the having an oscillating frequency accoiding lo the control 

present invention when taken in conjunction with the voltage Vcn. Hie voltage-contiolled oscillating circuit 10 

accompanying drawings. receives supply of a power source voltage Vdd from a power 

source line 5 to operate. 

BRIEF DESCRIFnON OF THE DRAWINGS 5 j^, output clock CLKO is suppUed to the internal circuit 

FIG. 1 is a schematic block diagram showing a configu- 4 as an operating clock. The output clock CLKO is supplied 

ration of a phase-locked loop circuit 1 according to an ^® phase comparator circuit 2 via one or more driver 

embodiment of the present invention; circuits 9 in the internal circuit 4 as a feedback clock 

HG. 2 is a circuit diagram representing a configuration of ^^^^ °"*P^» ^^^^ ^LKO can also be used 

a voltage-controUed oscillating circuit 10 in the embodi- ^''"^^^^ ^ feedback clock FBCLK without passing 

tatat; through the driver circuit or circuits 9. 

HG. 3 is a conceptual diagram representing frequency . ^' voltage-conlroUed oscillating 

characteristics of operational amplifiers; ^"^^"^ ^" includes: a bias voltage generating circuit U 

vjr vi o o Kwi A r a c o»itputling a bias voltage \bs according lo the control 

nc. 4 IS a block diagram represenung a configuration of is vcn; and a ring oicillator circuit 20 receiving supply 

a voltage-controUed osciUalmg circuit 30 accordmg to a th^^ias voltage V(l to operate, 

second embodiment of the present invention: r,^ . .T, 

xnr tL ■♦J- f "°8 oscillator circuit 20 has (2n+l) inverters 21 

Pv!lnl. \ ^^fiir ^fP^r"''"^ ^b^^^i" ° ^ "^^^^ ^^^^^^ in ^ries. TTie 

example configuration of a filter circuit 31; interconnected in a closed ring and an output of 

HG. 6 IS a block diagram representing a configuration of an inverter at the final stage is fedback to the input node of 

a voltage-controUed oscillating circuit 40 according to a an inverter at the first stage. The inverters 21 each receive 

third embodunent of the present invention; the bias voltage Vos from a bias voltage hne 6 and the 

FIGS. 7A to 7D are conceptual diagrams describing an ground voltage Vss from a ground line 7 and operate. The 
influence of power source noise in operation of an opera- 25 inverters 21 each have a pair of a P-channel transistor 21a 

tional amplifier 12; and an N-channel transistor 22b, which complimentarily 

FIG. 8 is a diagram for representing another example on/off. 

configuration of a filter circuit 35; A frequency fosc of the output clock CLXO outputted by 

FIG. 9 is a block diagram representing a configuration of oscillator circuit 20 is given by fosc-l/((2n+l) 
a voltage-controlled oscillating circuit 50 according to a 30 (Th+Tl)), wherein Th indicates a rise time of the transistor 

fourth embodiment of the present invention; 22fl constituting each of the inverters and Tl a fall time of the 

HG. 10 is a block diagram representing a configuration of ^^^istor 22b constimting each of the inverters. The rise 

a voltage-controUed oscillating circuit 52 accoiding to a time Th and fall Ume Tl of the respective transistors 22fl and 

modification of the fourth embodiment; according to change m the bias volUge Vos. As a 

in 11 V •* J- .35 result, the oscillating frequency fbsc is controlled accordine 

no 11 ,s a arcmt chagr^un represenUng an example , „f ^ «^ 

configuration of an operational amphfier 12 according to a u - t 

fifth embodiment of the present invention; voltage generating circuit 11 includes: an opera- 

FIG. 12 is a circuit diagram representing a configuration ^ 'T^'""^ "^f^^^ ° 1 "^"f"^ 

. 11 / -11 • -^-i ^ voltage Vdd to operate; a resistance element 14 coupled 

of ^e piior art volUge<ontrolled osallatmg arcmt 70; and ^ between an ouiput^enninal 13c and inverting input tenninal 

HG. 13 is a circuit diagram representing a configuration nb of the operational amplifier 12; and a resistance element 

of a filter circuit provided corre^ndingly to a power source 15 coupled between the inverting input terminal 136 and the 

voltage of the voltage-controlled osciUaling circuit 70. ground hne 7. Resistance values of the resistance elements 

DESCRIFHON OF THE PREFERRED ^ "^^f . , . 

EMBODIMENTS control voltage Vcn from the control cu^cuit 3 is 

inputted to a non-inverting terminal 13a of the operational 

Detailed description will be given of embodiments of the amplifier 12. The output terminal 13c of the operational 

present invention below with reference lo the accompanying amplifier 12 is coupled with a bias voltage line 6 supplying 

drawings. Note that the same symbols used in views of the bias voltage Vos. 

drawings indicate the same or corresponding constinienls. ^° With such a configuration adopted, the bias voltage gen- 
erating circuit 11 operates as a non-inverting amplifier 
First Embodiment circuit using an operational amplifier. Hence, the bias volt- 
Referring to FIG. 1, a phase-locked loop circuit 1 accord- Vos is given by a foraiula (1) shown below, 
ing to the embodiment of the present invention controls an 55 Mwd+RfiRsWcn 
output clock CLKO supplied to an internal circuit 4 such that 

a feedback clock FBCLK fedback from the internal circuit Hence, the bias voltage generating circuit U amplifies the 

4 and an input clock CLKI are synchronized with each other. control voltage Vcn at an amplification factor equal to or 

By doing so, a delay occurnng in the internal circuit 4 is more than 1, which is determined by a ratio in resistance 

compensated and the internal circuit 4 can be operated in go value between the resistance elements 14 and 15, to generate 

synchronism with the input clock CLKI. the bias voltage Vos. Therefore, when the bias voluge Vbs 

The phase-locked loop circuit 1 inchidcs: a phase com- is altered from the ground volUge Vss to the power source 

parator circuit 2 comparing the input clock CLKI and the voltage Vdd, a range of the oscillating frequencies fosc of 

feedback clock FBCLK; a control circuit 3 outputling a the ring oscillator circuit 10 can be made wide. Thereby, a 

control voltage Vcn according to a phase comparison result 65 lock range of the phase-locked loop circuit 1 on which the 

of the phase comparator circuit 2; and a voltage-controlled voltage controlled oscillating circuit 10 is implemented 

oscillating circuit 10 generating an output clock CLKO becomes also wide. 
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Furthermore, the bias voltage Vos receives no direct the bias voltage Vos, that is noise, and further stabilize an 

influence of noise-caused fluctuations in volUge level of the oscillating frequency fosc of the ring oscillator circuit 20. A 

power source voltage Vdd on the power source line 5. configuration and operation of the other constituents com- 

Accordingly, an influence of power source noise is sup- bined of the voltage-controlled oscillating circuit 30 are 

pressed and the output clock CUCO with a low level 5 similar to the case of the voltage-controlled oscillating 

variation in phase can be stably generated without providing circuit 10 shown in FIG. 2; therefore, neither of detailed 

a large scaled filter circuit. descriptions thereof is repeated. 

An operational amplifier generaUy employed is of a Referring to FIG. 5, the filter circuital can be constituted 

multi-stage configuration m which an amplification factor is of the capacitor 33 coupled between the bias voltage line 6 

highly thought of. typically, a two-stage configuration. In lO and the ground line 7. By forming the filter circuit 31 with 

contrast to this, the operational amplifier 12 used in the the capacitor 33 only, a drop in voluge level of the bias 

embodunent of the present mvention is of a single-stage voltage Vos can be prevented to ensure a wider oscillating 

configuration having a lower gain, but being more excellent frequency range, 
in frequency characteristics than that of the multi-stage 

configuration. 15 Third Embodiment 

In FIG. 3, a conceptual diagram for representing fre- Referring to FIG. 6, a voltage-controUed oscillating cir- 

quency characteristics of operational amplifiers is shown. In cuit 40 according to the third embodiment of the present 

a case where the operaUonal amplifier 12 is not of a invention differs from the vollage-controlled oscillating cir- 

multi-slage configuration, but of a single-stage cuit 10 shown in HG. 2 in that the circuit 40 further 

configuration, a range in which an amplifying operation can 20 includes: a filter circuit 35 coupled with the power source 

be stably performed in a practical sense is extended toward line 5 in addition to the configuration of the circuit 10 

the high firequency side as indicated by fO— fl in FIG. 3. In tk. fiit-, ic v i ci. • i j- 

. -.L , r * . . lue niter circuit 35 is a low pass filter mcludme: a 

such a way, with employment of an amplifier of a single- r^^;^*^^^ *i«™„«t -xa i ^ • • . /"^^'^S' 

/ 11 • r y N'*^ « resistance element 36 coupled m series with the power 

stage configurauon excellent m frequency characteristics, a «. - •* a«» i ^ 

^ffr^iu^ « n ' % 11 . • r ^* source Ime 5 and a capacitor 37 coupled between the power 

cjrcuit 1 on which the voltage-controlled osciUatiDB circuit . j .■ c XT .u ■ 

,m„i.,„.„i»H ^„.,^.;....«o f 1, . " ""6^'"-" ' configuration and operation of the other consutuents com- 

|s implemented consutu es a feedback sj^tem; therefore, it bined of the voltage-controUed oscaiating circuit 40 are 

^ necessary to suffiaenUy take stabihty of the entire sy^ 30 .^^^.r to the voUage-controUed osciUaIng ^rcuit 10 

into consideration Wtale the present invention has an object ^.^^^^^ neither of detailed descriptions then^of is repeated 

to unprove characteristics of a voltage-controlled oscillating kt ^ j -« ^ . « 

circuit using an operational amplifier, there will arise a ri^ ^^"^^ descnption wiU be given of an influence of power 

of adversely affecting stability of the entire phase-locked operation of the operational amplifier 12 

loop circuit due to the configuration including an operational 35 

amplifier adopted when a frequency characteristic of a ^° shown is a frequency response amplified by 

volUge-controUed oscillating circuit is deteriorated down to ^ feedback operation of the operational amplifier. Referrii^ 

a level which cannot be neglected as compared with other ^9' * frequency component of fl or higher is 

circuits in the phase-locked loop circuit 1, especially with amplified by the feedback operation of the operational 

the control circuit 3, with the result that there arise a need of 40 amplifier. 

a margin for ensuring stability, leading to loss of feasibility . shown is an attenuation characteristic of a 

in designing a PLL circuit. high frequency component in the operational amplifier. 

Hence, in order to compatibly achieve both aspects of the Referring to FIG. 7B, a firequency component of fh or higher 

object of the present invention: improved characteristics of ^ attenuated. Hence, in combination of the frequency char- 

a volt age -controlled oscillating circuit and ensured stability 45 acteristics shown in FIGS. 7A and 7B, a frequency charac- 

of the entire phase-locked loop circuit, it is desirable that an leiistic of the bias voltage generating circuit 11 using the 

operating amplifier of a single-stage configuration is used in operational amplifier 12 is given as shown in FIG. 70. In 

a voltage-controlled oscillating circuit and thereby, an influ- ^^^^ * ^ay, the frequency response of the bias voltage 

ence of fi-equency characteristics of the voltage-controlled generating circuit 11 comes to have a peak frequency fp due 

oscillating circuit exerting on stability of the phase-locked 50 ^ difference between the frequency response caused by a 

loop circuit can be neglected. feedback operation of the operational amplifier and the 

^ , attenuation characteristic of a high frequency component 

Second Embodunent therein. 

Referring to FIG. 4, a voltage-controlled oscillating cir- Accordingly, in order to make a frequency characteristic 

cuit 30 according to the second embodiment of the present 55 of the bias voltage generating circuit 11 smooth as shown in 

invention differs from the voltage-controUed oscillating cir- FIG. 7D, the bias voltage generating circuit 11 requires to be 

cuit 10 shown in FIG. 2 in that the circuit 30 further provided with a low pass filter having a cut-off frequency 

includes: a filter circuit 31 coupled with the bias voltage line conresponding to the peak frequency fp on the power source 

6. line 5. 

The filter circuit 31 has a resistance element 32 coupled 60 That is, in the filter circuit 35 shown in FIG. 6, when a 

in series with the bias voltage line 6; and a capacitor 33 resistance value R of the resistance element 36 and a 

coupled between the bias voltage line 6 and the ground line capacitance value C of the capacitor 37 are designed such 

7. If a resistance value of the resistance element 32 and a that fp=l/(2:i R C), a firequency characteristic of the bias 
capacitance value of the capacitor 33 are R and C, voltage generating circuit 11 can be made ideal as shown in 
respectively, by definition, a cut-off frequency of the filter 65 FIG. 7D. 

circuit is given by fc-l/(2;fR C). The filter circuit 31 is In this case, since the power source voltage Vdd is not 

provided in order to remove a high frequency component of supphed directly to the ring oscillator 20, a cut-off fi-equency 
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of the filter circuit 35 can be set high compared with the prior becomes 0; therefore, the bias voltage generating circuit 51 

art filter circuit 71 shown in FIG. 12. As a result, the filter can stably generates the bias voltage Vos of the same level 

ckcuit 35 can be smaller in size than the prior art filter circuit as the control voltage Vcn without suffering from influences 

^ of a circuit group connected thereto at the previous and 

Furthermore, as described above, by adopting the opera- 5 subsequent stages, 

liooal amplifier 12 of a single-stage configuration excellent u l. . ui ♦ ii- *u n • r 

in frequency characleristicsfihe peak frequency fi, can beS , "'T.V ^ ^' rr^?. '^^""'^ .^''"'"'^ 

10 the higher frequency side. By doij so, a «pacitL^ °^ °T ^'^^^"^^ '° the control 
value C of the capacitance 37 in the filter circuit 35 can be °"'P"' ^"^^ '"'^"'8 * ^'^'^^ ^"»»- 
smaller, thereby enabling the capacitor 37 to be smaller in P*"^ ^ generated. 

ModificatioD of the Fourth Embodiment 

In such a way, with a down-sized filter circuit adopted, an u.r . nn u . n j •„ • 

influenceofpowersouicenoisecanbefurthersupprLedto . R^.^'^g ^0. 10. a voltage-controlled osc.Uatmg 

generate the output clock CLKO stably in fre^iency and ^""^-^^ fTf^'^f '° i °'°d'fi':a'«o° of th«= .fourth 

pljjgg /I" "vj auu embodunent differs from the vohage-controlled oscillating 

D..f.^..^ ,„ tnn o .u- ci. • ic J- circuit 10 shown in FIG. 2 in configuration comparing 

.ni^tlTv! . f' ?T !° "'*'«^i"> i° ^ "ias voltage generating circuit S3 i! 

rJ'!,^ configurauon includes: a power supply ^^^i^^^ -^^^^^ „f ^ias volfage generating circuit 11. A 

,^^,1"°*^ '^7^'''°"'''^°'^'^' configuration and operation of the other constituents com 

5^^S,e^ru^H^ n!TTf ^ ?^^''^"'°"''''T "i"^ °f voltage-controUed oscillating circuit 52 are 

f,/^,.t%f „^ ,°pw^r""'''P?^^ ^^iJ" t° the vohage-controlled oscillaTing circuit 10, 

' . ir!. ' l°P'"t«' ^ * control signal F wc tor instnictmg ,heiefor, neither of deUfled descriptions thereof is repeated, 

execution and cease of supply of the power source voltaee , . , . . . „. 

Vdd to the operational amplifier 12. Thereby, in a period T^e b,as voltage generatmg circuit 53 has two mverting 

when operation of the operational amplifier 12 is ?«>P>ifi" circuits 16 connected in senes to each other. An 
unnecessary, the control signal PWC is inactivated to turn „ "^'.'.f * ^^Vh&tT circuit 16 mdudes: the operational 

off the power supply transistor 38, thus enabling power " '7^" ^} "."iltf*"" " ""P}"' ^ 

consumption of the voltage-controUed oscillating ctoidt 40 P"*?"'. ^^^^ ?^ Uie operaUonal amplifier 12 and the 

to decrease mverttng input terminal 13ft thereof; and a resistance ele- 

On the other hand, in a period when the operational f!f°;n^?"° •"'1 1° ^^'i^f .!fP"' '^^t"^' l^fc, The 

amplifier 12 operates, the control signal PWC is al^vated U> 30 U feTu^Jd TZt ^fr 7 7"^" 

turn on the power supply transistor 38 and supply the power -^T^ "'T ^"•'fSe 

source voltage Vdd to the operational ampUfier 12. lathis . TT ^ "^^T^ '° i^/ "^""^ 

case, a low pass filter similar to FIG. 6 can be formed of an T u 

on-resisunce of the power supply transistor 38 and a capad- wverUng amplifier circuit 16, if resistance values of 
tor 37. As a result, in addition to suppression of power 3, ""^ f«tstance elements 17 and 18 are Rf and Rs, 

source noise, power consumption can be lowered by power respectively, by definiUon, a relaUonship between an input 

supply control without scaling-up of the filter circuit 35 ^° ' correspondmg to the control voltage Vcn and an 

output voltage Vo at the ou^nit terminal 13c is given by a 

Fourth Embodiment formula (2) as follows: 

In the fourth embodiment, description will be given of a ^ ibm-tfiffRjyvi rn 

variation of configuration of an operational amplifier drcuil , 

constituted by the operational amplifier 12 in the bias ^uch a way m each of the mverting amplifier circuits 

voltage genwating circuit 11 '"^ °"'P"' ^oluge Vo is inverted from the input voluge 

Referring to FIG. 9. a voltage^ntrolkd oscillating cir- n°ff^!!t"J.!;!h^fT'' ^ .amplifica- 

cuit 50 according to the fourth embodiment of the misent « f»«f °f f ^h^f the t^^^ 

invention differs from the voltage-controlled oscillatkg cir- ^ °1 """.-^f' "f" ' ""^T" 

cuit 10 shown in HG. 2 comp^ing therewith in tha7a b^ i„v1^L fn^^J^fi/ T° r'"'*' °? 

voltage generating ci«nut 51 1 provided instead of the bias fZTl voS! T """f '° T!" 

voltage generating circuit 11. A configuration and operation ' S ° .V"^ -u'" 

«f tK^ «#u«, ^ . u J f.t_ 1 , control voltage Vcn can be suppUed to the nne oscillator 20 

of the other constituents combmed of the volUge-controlled 50 ,3 the bias voltage Vos uscmaior ^ 

oscillaUng arcuit 50 are similar to the voltage-controlled q„^i, ^ ^„fi^f ■ ^ r 

oscillating circuit 10; therefore, neither of descriptions osci^lftto. fS" >° * 7'^'" * ""S °^ 

thereof is repeated oscillatmg frequencies m the nng osallator arcuit 20 is 

T^^^., iia f.L . ^unnecessary to be so much wide but requirement is imposed 

The output ermmal 13c of the operauonal amplifier 12 is of strict suppression of a variation in phase caused by ^wer 

Tott hS'toThe nl^""^T''^^^^ °"? That is. by setting an amplificatk.n fSo^.0 1 

11 fip 11 .h . '"P" terminal 13a of the operauonal o^less, an effect of suppressing an influence of powersource 
amphfier 12, the control voltage Vcn from the control circuit noise is further enhanced p « 

LtSlf, ^'^uT u*^ "f^'' Furthermore, it is possible that this case is not adopted 

operates as a so-caUed voltage follower circuit. where an even number of inverting amplifier circuits 16 are 

In the bias volUge generating circuit 51. the bias voltage « coupled in series cascade, but a configuration is adopted 

\bs corresponds to a state where Rs-oo in the formula (1); where a ring escalator circuit with converted polarity 

therefore, Vbs-Vcn. In sucb a way. the bias voluge gener- arrangement is driven by a single inverting amplifier circuit 

aung circuit 51 does not amplify a voltoge level of the 16. rung ampuuer circuii 

control voltage Vcn, whfle being able U) stably set the bias With such a configuration adopted, a case can be coped 

vo tage Vbs to the same level as the control voltage Vcn. 45 with where a range of oscillating frequencies is narrow and 

In an ideal case, an mput unpedance of the operational requirement is imposed of su^ict suppression of a variation in 

amplifier 12 increases to infinity but an output impedance phase due to an influence of power source noise or the like. 
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Fifth Embodiment The current il and 12 alter according to a voluge level of 

In the fifth embodiment, description wiU be given of a "P**? * ?'i*8f of «he non-inverting input 

configuration of the operational amplifier 12 e»KUent in !<=™uial 13a goes relatively high, the currents d and i2 

frequency characteristiL employed L this embodimem of l^:^ ' ^'"1' ^T**" """'"k 

Ihe Dresent inventio ^ volUgc Vos. To the contrary, when a voltage 

P level of the non-inverting input terminal 13fl goes relatively 

In FIG. 11, shown is an example configuration of an low, the currents il and i2 decrease to lower the bias voltage 

operational amplifier 12 according to this embodiment of the Vos as well, 

present invention. In such a way, by adopting a circuit configuration of a 

In FIG. U, shown is a configuration of an operational jo folded cascode type, a gain (an amplification factor) can be 

amplifier having a circuit configuration of a so-called folded attainable laige in a single-stage operational amplifier low in 

cascode type. possibility of oscillation. 

Referring to FIG. 11, the operational amplifier 12 has a Furthermore, current drive abilities of the transistors 450, 

differential amplifier portion 41 differentially amplifying 46a, 47a, 48a and 49a for defining voltage levels of the 

and converting a voltage difference between the non- 15 nodes Nl and N3 can be set lower compared with the 

inverting input terminal I3a and the inverting input terminal transistors 4Sb, 46b, 41b, 486 and 49b for defining voltage 

136 into voltage levels at nodes Nl and N2; a first cascode levels of the output terminal 13c generating the bias voltage 

amplifier portion 42 for forming a current path between the Vos and the associated node N2. Generally speaking, adjust- 

power source line 5 and the node Nl; and a second cascode naent of a current drive abihty can be realized by adjusting 

amplifier portion 43 for forming a current path between the 20 a design of a transistor size. Accordingly, by reducing 

power source line 5 and the node N2. transistor sizes of the U"ansistors 4Sa to 49a, a layout area of 

The differential amplifier portion 41 has: a P-channel operational amplifier 12 can be decreased, 

transistor 44 electrically coupled between the power source Note that in the circuit configuration shown in FIG. 11, a 

line 5 and a node NO; a P-channel transistor 45a electrically configuration can be adopted where each of the transistors is 

coupled between the nodes NO and Nl and having the gate ^ inverted in polarity and the power source line 5 and the 

coupled with the non-inverting input terminal 13a; and a ground line 7 are interchanged therebetween in role. To be 

P-channel transistor 456 electrically coupled between the concrete, N-channel transistors are adopted as the transistors 

nodes NO and N2 and having the gate coupled with the 44, 45a, 456, 46a, 466, 47a and 476, while P-channel 

inverting input terminal 136. transistors are adopted as the transistors 48a, 486, 49a and 

The differential amplifier portion 41 further has: ^ furthermore, not only is a line to which the 

N-channel transistors 49fl and 496 each electrically coupled transistors 44, 46a and 466 are connected altered from the 

between a corresponding one of the nodes Nl and N2, and power source line 5 to the ground line 7, but a line to which 

the ground line 7. A common bias voltage Vbd arc inputted transistors 49a and 496 are connected is also altered from 

to the gates of the transistors 49a and 496. ^® ground line 7 to the power source line 5. Even in such 

Tbe first cascode ampUfier portion 42 has: P-channel a configuration, a similar function of the operational ampU- 

transistors 46a and 47a electrically coupled in series ^ ^^""^ ^ ^ ^° realized, 

between the power source line 5 and a node N3; and an Although the present invention has been described and 

N-channel transistor 48a elecuically coupled between the illustrated in detail, it is clearly understood that the same is 

nodes N3 and Nl. of iUusU-ation and example only and is not to be 

nie second cascode amplifier portion 43 has: P^hannel f^kenbywayof limitation, the spirit and scope of the present 

transistors 466 and 476 electrically coupled in series "Jv.^°^o° li^iited only by the terms of the appended 

between the power source line 5 and the output terminal 13c ^ • i- 

oulputling the bias voltage Vfos; and an N-channel transistor What is clamied is: 

486 electrically coupled between the output terminal 13c l-Avoltage-controlledosciUating circuit receiving supply 

and the nocie N2. « or a power source voltage to operate comprising: 

Hie gates of the transistors 46a and 466 are coupled with ' 1°^'"^^ generating circuit setting a voltage level of a 

the node N3. A common bias voltage Vbb is inputted to the r ^f^^"" accordmg to a control voltage bemg dif- 

gates of the transistors 47a and 476^ A common biaTv^c is ^e '^'''^ 

inputted to the gates of the transistors 48a and 486. Hence <n i. ' * 

constant is determmed according to a current drive abflity said operational amplifier hiving 

ratio of the transistors. 55 fi^l terminals, wherein one of said 

The transistors 45a and 456 differentially operate accord- first and second input terminals is electrically 

ing to voltage levels of the non-inverting input terminal 13a coupled with said control volUge, and 

and the inverting input terminal 136 to alter voltage levels of an output terminal outputting said bias vohage, and 

the respective nodes Nl and N2. To be concrete, when a said voltage generating circuit further including a) a 

voltage level of the non-inverting input terminal 13a tran- 60 feedback portion coupled between said output ter- 

sitions to the relatively high side, then a voltage level of the minal and another one of said first and second input 

node Nl goes low, while to the contrary, a voltage level of terminals and b) a non-inverting amplifier circuit 

the node N2 goes high. To the contrary to this, when a using said operational amplifier receiving supply of 

voltage level of an input of the non-inverting input terminal said power source voltage to operate; and 

13a transitions to the relative low side, then voltage levels 65 a ring oscillator circuit generating a clock having a 

of the respective nodes Nl and N2 shift to the high side and frequency corresponding to said bias voltage, and 

the low side, respectively. having an odd-number of inverters, interconnected in 
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a closed ring, and each inverter receiving supply of 
said bias voltage lo operate, wherein each of said 
inverters includes a p-channel MOS transistor 
receiving said bias voltage at its source eiectrode. 

2. A voltage-controlled oscillating circuit receiving supply 
of a power source voltage to operate comprising: 

a voltage generating circuit setting a voltage level of a 
bias voltage according to a control voltage being dif- 
ferent from said power source voltage inputted from the 
outside, 

said voltage generating circuit including an operational 
amplifier, which is an amplifier of a single stage 
configuration, and receiving supply of said power 
source voltage to operate, 

said operational amplifier having 

first and second input terminals, wherein one of said 
first and second input terminals is electrically 
coupled with said control voltage, and 

an output terminal outputting said bias voltage, and 

said voltage generating circuit further including a) a 
feedback portion coupled between said output ter- 
minal and another one of said first and second input 
terminals and b) an inverting amplifier circuit using 
said operational amplifier receiving supply of said 
power source voltage to operate; and 

a ring oscillator circuit generating a clock having a 
frequency corresponding to said bias voltage, and 
having an odd-number of inverters, interconnected in 
a closed ring, and each inverter receiving supply of 
said bias voltage to operate, wherein each of said 
inverters includes a p-channel MOS transistor 
receiving said bias voltage at its source electrode. 

3. The voltage-controlled oscillating circuit according lo 
claim 1 or 2, further comprising: 

a bias voltage line, provided between said voltage gen- 
erating circuit and said ring oscillator circuit and trans- 
mitting said bias voltage; and 

a low pass circuit, coupled with said bias voltage line, and 
for removing a high frequency component of said bias 
voltage. 

4. The voltage-controlled oscillating circuit according to 
claim 1 or 2, further comprising: 

a low pass circuit, coupled between a node supplying said 
power source voltage and said voltage generating 
circuit, and for removing a high frequency component 
of said power source voltage. 

5. The vohage-controUed oscillating circuit according to 
claim 4, wherein a cut-off frequency of said low pass circuit 
is set according to frequency characteristics of said opera- 
tional amplifier. 

6. The voltage controlled oscillating circuit according to 
claim 1 or 2, wherein said operational amplifier further 
includes: 

a differential amplifier portion, coupled between a first 
power source node supplying one of a ground voltage 
and said power source voltage and a second power 
soiuce node supplying the other of said ground voltage 
and said power source voltage, and amplifying and 
converting a voltage difference between said first and 
second input terminab into a voltage difference 
between first and second nodes; 

a first casoode amplifier portion forming a first current 
path between said first power source node and said first 
node; and 

a second cascode amphfier portion forming a second 
current path between said first power source node and 
said second node, wherein 
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said output terminal is provided on said second current 
path, 

said first cascode amplifier portion alters a first current 
amount passing through said first current path accord- 
ing to a voltage level of said first node, and 

said second cascode amplifier portion alters a second 
current amount passing through said second current 
path in proportion to said first current amount- 

7. The voltage-controlled oscillating circuit according to 
claim 6, wherein said first current amount is smaller than 
said second current amount. 

8. The voltage-controlled oscillating circuit according to 
claim 6, wherein 

said differential amplifier portion has: 

a first transistor, electrically coupled between said first 
power source node and said first node, and having a 
control terminal coupled with said first input termi- 
nal; 

a second transistor, electrically coupled between said 
first power source node and said second node, and 
having a control terminal coupled with said second 
input terminal; 

a third u-ansistor, electrically coupled between said first 
node and said second power source node, and receiv- 
ing a first voluge at a control terminal thereof; and 

a fourth transistor, electrically coupled between said 
second node and said second power source node, and 
receiving said first voltage at a control terminal 
thereof 

wherein 

said first cascode amplifier portion has: 

a fifth transistor, electrically coupled between 
said first power source node and a third node, 
and having a control terminal coupled with 
said third node; and 
a sixth transistor, electrically coupled between 
said first node and said third node, and receiv- 
ing a second voUage at a control terminal 
thereof; 
and wherein 

said second cascode amplifier portion has: 
a seventh transistor, electrically coupled between 
said first power source node and said output 
terminal, and having a control terminal 
coupled with said third node; and 
an ei^lh transistor, electrically coupled between 
said second node and said output terminal, and 
receiving said second bias voltage at a control 
terminal thereof. 

9. The voltage-controlled oscillating circuit according to 
claim 8, wherein 

said first, third, fifth and sixth transistors have a first 

current drive ability and 
said second, fourth, seventh and eighth transistors have a 

second current drive ability, said first current drive 

ability being smaller than said second current drive 

ability. 

10. A voltage-controlled oscillating circuit receiving a 
power source voltage to operate, comprising: 

a voltage generating circuit receiving a control voltage 
and amplifying the control voltage at a prescribed 
amplification factor to generate a bias voltage of a 
voltage level different from that of said control voltage; 
and 

a ring oscillator circuit generating a clock having a 
frequency according lo that of said bias voltage, and 
having an odd nmnber of inverters interconnected in a 
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closed ring and receives supply of said bias voltage at 
each of said inverters to operate, wherein said ampli- 
fication factor is larger than 1, and said voltage gener- 
ating circuit includes a non-inverting amplifier circuit 
using an operational amplifier receiving simply of said 
power source voltage to operate. 

11 . A voltage-controlled oscillating circuit receiving a 
power source voltage to operate, comprising: 

a voltage generating circuit receiving a control voluge 
and amplifying the control voltage at a prescribed 
amplification factor to generate a bias voltage of a 
voltage level different from that of said control voltage; 
and 

a ring oscillator circuit generating a clock having a 
frequency according to that of said bias voltage, and 
having an odd number of inverters interconnected io a 
closed ring and receives supply of said bias voltage at 
each of said inverters to operate, wherein said ampli- 
fication factor is small than 1, and said voltage gener- 
ating circuit includes an inverting amplifier circuit 
using an operational amplifier receiving supply of said 
power source voltage to operate. 

12. The voltage -controlled oscillating circuit according to 
claim 10 or 11, further comprising: 

a bias voltage line, provided between said voltage gen- 
erating circuit and said ring circuit, and transmitting 
said bias voltage; and 

a low pass circuit, coupled with said bias voltage line, and 
for removing a high fi-equency component of said bias 
voltage. 

13. The voltage-controlled oscillating circuit according to ^ 
claim 10 or 11, further comprising: 

a low pass circuit, coupled between a node suppljnng said 
power source voltage and said voltage generating 
circuit, and for removing a high frequency component 
of said power source voltage. 

14. Aphase-locked loop circuit generating an output clock 
for operating an internal circuit in synchronism with a 
reference clock, comprising: 

a phase comparator circuit comparing said reference clock 

with a feedback clock from said internal clock; 
a control circuit setting a voltage level of a control voltage 
based on a phase comparison result of said phase 
comparator circuit; and 
a voltage-controlled oscillating circuit receiving supply of 
a power source voltage being different from said con- 
trol voltage to operate and supply said output clock 
having a frequency according to said control voltage to 
said internal circuit, 
said voltage-controlled oscillating circuit including a volt- 
age generating circuit setting a voltage level of a bias 
voltage according to said control voltage, 
said voltage generating circuit having an operational 
amplifier, which is an amplifier of a single stage 
configuration, and receiving supply of said power 
source voltage to operate, 
said operational amplifier having 
first and second input terminals, wherein one of said 
first and second input terminals is electrically 
coupled with said control voltage, and 
an output terminal outputting the bias voltage, and 
said voltage generating circuit further having 
a feedback portion coupled between said output termi- 
nal and another one of said first and second input 
terminals, and 
said voltage-controlled oscillating circuit further 
including a ring oscillator circuit generating a clock, 
as said output clock, having a frequency correspond- 
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ing to that of said bias voltage, said ring oscillator 
circuit having an odd-number of inverters, intercon- 
nected in a closed ring, and each inverter receiving 
supply of said bias voltage to operate. 

15. The phase-locked loop circuit according to claim 14, 
wherein the one of said first and second input terminals is 
electrically coupled with said control voltage via a resistor. 

16. The phase-locked loop circuit according to claim 14, 
wherein an other one of said first and second input terminals 
is electrically coupled with a reference voltage. 

17. The phase-locked loop circuit according to claim 14, 
wherein each of said inverters includes a p-channel MOS 
transistor receiving said bias voltage at its source electrode. 

18. A voltage -controlled oscillating circuit receiving sup- 
ply of a power source voltage to operate comprising: 

a voltage generating circuit setting a voltage level of a 
bias voltage according to a control voltage being dif- 
ferent from said power source voltage inputted from the 
outside, 

said voltage generating circuit including an operational 
amplifier, which is an amplifier of a single stage 
configuration, and receiving supply of said power 
source voltage to operate, 
said operational amplifier having 
first and second input terminals, wherein one of said 
first and second input terminals is electrically 
coupled with said control voltage, and 
an output terminal outputting said bias voltage, and 
said voltage generating circuit further including a feed- 
back portion coupled between said output terminal 
and another one of said first and second input ter> 
minals; and 

a ring oscillator circuit generating a clock having a 
frequency corresponding to said bias voluge, and 
having an odd-nimiber of inverters, interconnected in 
a closed ring, and each inverter receiving supply of 
said bias voltage to operate, wherein the one of said 
first and second input terminals is electrically 
coupled with said control voltage via a resistor. 

19. A vohage-controlled oscillating circuit receiving sup- 
ply of a power source voltage to operate comprising: 

a voltage generating circuit setting a voltage level of a 
bias voltage according to a control voltage being dif- 
ferent from said power source voltage inputted from the 
outside 

said voltage generating circuit including an operational 
amplifier, which is an amplifier of a single stage 
configuration, and receiving supply of said power 
source voltage to operate, 
said operational amplifier having 
first and second input terminals, wherein one of said 
first and second input terminals is electrically 
coupled with said control voltage, and 
an output terminal outputting said bias voltage, and 
said voltage generating circuit further including a feed- 
back portion coupled between said output terminal 
and another one of said first and second input ter- 
minals; and 

a ring oscillator circuit generating a clock having a 
frequency corresponding to said bias voltage, and 
having an odd-number of inverters, interconnected in 
a closed ring, and each inverter receiving supply of 
said bias voltage to operate, wherein an other one of 
said first and second input terminals is electrically 
coupled with a reference voltage. 

20. A voltage-controlled oscillating circuit receiving sup- 
ply of a power source voltage to operate comprising: 
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voltage generating circuit setting a voltage level of a bias 
voltage according to a control voltage being different 
from said power source voltage inputted firom the 
outside, 

said voltage generating circuit including an operational s 
amplifier, which is an amplifier of a single stage 
configuration, and receiving supply of said power 
source voltage to operate, 
said operational amplifier having 

first and second input tenninals, wherein one of said lo 
first and second input terminals is electrically 
coupled with said control voltage, and 
an output terminal outputting said bias voltage, and 
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said voltage generating circuit further including a feed- 
back portion coupled between said output terminal 
and another one of said first and second input ter- 
minals; and 

a ring oscillator circuit generating a clock having a 
frequency corresponding to said bias voltage, and 
having an odd-number of inveners, interconnected in 
a closed ring, and each inverter receiving supply of 
said bias voltage to operate, wherein each of said 
inverters includes a p-channel MOS transistor 
receiving said bias voltage at its source electrode. 
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[57] ABSTRACT 

A charge pump which can operate at low supply volt- 
ages is provided. The charge pump recirculates charge 
in response to an alternating clock signal which alter- 
nates the charge across a plurality of charge storage 
devices. Charge recirculation is used to compensate for 
threshold voltage drops associated with diodes or di- 
ode-configured transistors used to implement the 
charge pump. As a result, voltage amplification can 
occur in the charge pump even for small power supply 
values. 
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RECIRCULATING MOS CHARGE PUMP 

TECHNICAL FIELD 

This invention relates generally to analog circuits ^ 
requiring operating voltages greater than available 
power supply voltages, and more particularly, to 
charge pump circuits. 

BACKGROUND ART 10 

Analog circuits are typically being designed to oper- 
ate at low power supply voltages such as five volts. 
Although five volts is a commonly found power supply 
voltage level, power supply voltages of three volts and 
less are more desirable for battery operated circuits 
where power consumption is critical. Even in automo- 
tive applications where higher supply voltages are typi- 
cally present, three volt power supply operation is de- 
sirable due to the wide variation of battery voltage 
which is possible. Typical analog circuits including 
analog switches however require a voltage greater than 
three volts to be operational. Therefore, a charge pump 
which functions to boost the level of the power supply 
for predetermined portions of a circuit must be utilized. 25 
Conventional charge pump circuits utilize diodes which 
are typically implemented by diode configured N-chan- 
nei transistors in MOS circuits. A disadvantage with 
previous charge pump circuits results from a threshold 
voltage drop which is present across a diode or diode 3Q 
configured transistor. The threshold voltage drop de- 
creases the output voltage of the charge pump by the 
threshold voltage value and may drastically reduce the 
efficiency of the charge pump. The reduced efficiency 
may be a critical factor when supply voltages of three 35 
volts or less are used because the threshold voltage of a 
diode becomes a significant portion of the power supply 
voltage. As a result, known charge pump circuits are 
not reliable for power supply potentials of three volts 
and less. 40 

BRIEF DESCRIPTION OF THE INVENTION 

Accordingly, an object of the present invention is to 
provide an improved charge pump circuit. 

Another object of the present invention is to provide 45 
an improved charge pump circuit for use with power 
supply voltages less Uian five volts. 

Yet another object of the present invention is to pro- 
vide an improved CMOS recirculating charge pump 
which substantially eliminates the effects of undesirable 50 
threshold voltage drops. 

In carrying out the above and other objects of the 
present invention, there is provided, in one form, a 
circuit for increasing a power supply voltage from a 
power supply source and providing a boosted output 55 
^ voltage at an output terminal. A diode is coupled be- 
tween a supply terminal for receiving the power supply 
voltage and the output terminal. The diode has a prede- 
■ termmed threshold voltage drop associated therewith 
and prevents current flow from the output terminal to 60 
the power supply source. Charge storage means are 
selectively coupled via a coupling device also having a 
threshold voltage drop to the output terminal. The 
charge storage means selectively store the power sup- 
ply voltage and a boost voltage to provide the boosted 65 
output voltage. Compensation means are coupled to the 
diode, to the coupling device and to the charge storage 
means for providing compensation for the threshold 
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voltage drops. Therefore, the threshold voltage drops 
do not degrade the performance of the charge pump. 

These and other objects, features and advantages wUl 
be more clearly understood from the following detailed 
description taken in conjunction with the accompany- 
ing drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 Dlustrates in partial schematic form a charge 
pump circuit in accordance with the present invention; 
and 

FIG. 2 illustrates in schematic form voltage wave- 
forms associated with the circuit of FIG. 1. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Shown in FIG. 1 is a charge pump 10 generally com- 
prising diode portion 13, pump portions 15, 16 and 17 
and clock portion 18. It should be understood that al- 
though sp^dfic N-channel and P-channel MOS devices 
are shown, charge pump 10 may be implemented by 
completely reversing the processing techniques (e.g. 
N-channel to P-channel) or by using other types of 
transistors. 

Diode portion 13 generally comprises a diode config- 
ured N-channel transistor 26 ^having both a gate and a 
drain connected to power supply VjoD. It should also be 
apparent that other known semiconductor structures 
which function as a diode may be used in place of a 
diode configured MOS transistor. 

Pump portion 15 generally comprises a capacitor 28 
having a first electrode connected to a node 30. A sec- 
ond electrode of capacitor 28 is connected to a comple- 
ment of a clock signal. An N-channel transistor 34 has a 
drain connected to power supply Vdd, a gate connected 
to a node 35, and a source connected to node 30. An 
N-channel transistor 36 has a drain connected to power 
supply Vdd, a gate connected to node 30, and a source 
connected to node 35. 

Pump portion 16 generally comprises a capacitor 38 
having a first electrode connected to node. 35, and a 
second electrode connected to a clock signal labeled 
'*CLOCK T\ An N-cbannel transistor 39 has a drain 
and a gate connected together to node 35. A source of 
transistor 39 is connected to a first electrode of a capaci- 
tor 40 at a node 41. A second electrode of capacitor 40 
is connected to a complement of the clock signal. A first 
electrode of a capacitor 42 is connected to node 35, and 
a second electrode of capacitor 42 is connected to a 
node 43. An N-channel transistor 45 has a source con- 
nected to node 35, and both a gate and a drain con- 
nected together to node 43. A source of an N-channel 
transistor 47 is connected to node 43, and both a gate 
and a drain of transistor 47 are connected to the first 
electrode of capacitor 40 at node 41. 

Pump portion 17 generally comprises a capacitor 49 
having a first electrode connected to a node 50, and a. 
second electrode connected to the complement of the 
clock signal. An N-channel transistor 52 has a drain ajnd 
a gate connected together to node 50, and a source 
connected to a first electrode of a capacitor 53. A sec- 
ond electrode of capacitor 53 is connected to a clock 
signal labeled "CLOCK 1". A fu^t electrode of a capac- 
itor 54 is connected to node SO, and a second electrode 
of capacitor 54 is connected to a node 56. An N-channel 
transistor 58 has a source connected to node 50, and 
both a gate and a drain connected together to node 56. 
An N-channel transistor 60 has a source connected to 
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node 56, and both a drain and a gate connected together 
and coupled to the first electrode of capacitor 53. 

An N-channel transistor 63 has a drain connected to 
node 35, a gate connected to node 43 and a source con- 
nected to node 50. An N-channel transistor 64 has a S 
drain connected to node 50, a gate connected to node 56 
and a source connected to an output terminal 66. A 
capacitor 67 has a first electrode connected to output 
terminal 66 and a second electrode connected to a sec* 
ond supply voltage, say Vss • In the illustrated form, 10 
supply voltage Wss is less positive than supply voltage 
Vi>i>. 

Clock portion 18 generally comprises an inverter 70 
having an input for receiving a clock signal labeled 
••CLOCK" and an output connected to an input of an 15 
inverter 71. An output of inverter 71 provides the 
"CLOCK 1" signal and is connected to the second 
electrode of capacitor 53 at a node 72 and is connected 
to an input of an inverter 73. An output of inverter 73 is 
connected to a first input of a NOR gate 75 at node 74. 20 
A second input of NOR gate 75 is connected to an 
output of inverter 70. An output of NOR gate 75 is 
connected to an input of an inverter 76 which has an 
output connected to an input of an inverter 77. An 
output of mverter 77 provides the ••CLOCK 2" to the 25 
second electrode of capacitor 38. 

Referring to associated waveforms in FIG. 2, the 
operation of charge pump 10 may be more readily un- 
derstood. The waveforms of FIG. 2 represent steady 
state circuit conditions and do not illustrate initial start- 30 
up voltage conditions. Effects of parasitic capacitance 
are also not illustrated in the FIG. 2 waveforms but will 
be discussed below. A square wave clock signal which 
oscillates between zero volts or ground potential and 
the power supply voltage Vod 'is coupled to the input of 35 
clock portion 18 at the input of inverter 70. For the 
purpose of explanation, assume that charge pump 10 is 
in a steady state of operation and that the clock signal is 
initially at a high logic level (i.e. the inverse clock is at 
zero volts) before transitioning to the zero volt poten- 40 
tial. Since the inverse of the clock signal potential is 
coupled to capacitor 28, capacitor 28 charges to the 
supply voltage Vdd potential during this time period 
because node 30 is at the Vdd potential and the clock 
signal is at zero volts. Therefore, in addition to other 45 
circuit conditions to be explained below, the voltage at 
node 30 denoted as "V30" in FIG. 2 is initially at Vdd. 
However, the voltage at node 30 will be equal to IVdd 
volts as shown in FIG. 2 during low cycles of the clock 
signal. The voltage 2V^j9 occurs at node 30 during low 50 
clock cycles in the following way. Simultaneous to the 
charging of capacitor 28 to Vnih node 35 is being 
boosted above VoD volts toward 2V/>z>by capacitor 38 
and the CLOCK 2 signal. The threshold voltage drops 
associated with all of the diode configured transistors of 55 
charge pump 10 are each presumed substantially equal 
and each is designated by Vr Therefore, node 35 is at a 
potential of approximately IWoD- When the clock sig- 
nal transitions to V/>^, the lower or second electrode of 
capacitor 28 is coupled to ground and node 30 initially 60 
transitions to Vdd volts. A very short delay period 
later, the CLOCK 2 signal is coupled as a high level 
signal to capacitor 38. In response, node 35 transitions 
from nearly Vdd to substantially IV dd- The voltage 
potential at node 35 makes transistor 34 conductive 65 
which couples Vdd to node 30. Since node 35 is at a 
higher voltage than node 30, transistor 36 is nonconduc- 
tive. When the clock signal transitions again to a low 
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level signal, the voltage at node 30 is increased by Vdd 
volts and returns to IVdd volts. Simultaneously, node 
35 drops Vdd volts to a potential of Vdd^ Node 35 is 
pulled all the way to Vdd as a result of transistor 36 
becoming conductive to directly couple the V^i> power 
supply terminal to node 35. The next half clock cycle 
when VjD^is coupled to the second electrode of capaci- 
tor 38, the node 35 potential approaches IV dd^ There- 
fore, capacitors 28 and 38 and transistors 34 and 36 
function in combination to eliminate the effect of the 
threshold voltage drops between Vdd and node 35 and 
between Vdd and node 30. Transistor 26 functions to 
allow start-up of operation of transistors 34 and 36 and 
capacitors 28 and 38. The resulting voltage at node 35 
varies between a full Vdd potential and a boosted 
2Vdd potential. 

In operation, the boosted voltage of IV dd^^ node 35 
is selectively coupled to node 50 via coupling transistor 
63 where the voltage is boosted another Vj^pby capaci- 
tor 49. The voltage at node 50 is desired to vary be- 
tween IV dd and IVdd and is selectively coupled to 
capacitor 67 when the voltage is IVbd- Therefore, the 
output voltage is charged onto capadtor 67 and pro- 
vided as a constant IV dd- However, when the voltage 
at node 35 is coupled to node 50, the voltage at node 35 
would be reduced by the threshold voltage drop of 
transistor 63 if transistor 63 were connected in a con- 
ventional diode configuration. Therefore, transistors 39, 
45 and 47 and capacitors 40 and 42 function in combina- 
tion to substantially eliminate the threshold voltage 
drop of transistor 63 so that the full potential of 2 V/?/) is 
coupled to node 50. 

In the illustrated form, the voltage at node 41 varies 
between four distinct voltage potentials as the comple- 
ment clock signal varies between zero and Vdd volts. 
Assume that the CLOCK 2 signal is initially at V/j^and 
the complement clock signal at node 74 is at zero volts. 
The voltage potential of IVdd at node 35 charges ca- 
pacitor 40 via transistor 39 which is conductive. There- 
fore, the voltage at node 41 is (2Vi>i>- Vr). When the 
CLOCK 2 signal transitions to zero volts and the com- 
plement clock signal is at Vdd^ node 35 transitions to 
Vdd and node 41 is boosted to (3Vdx)- Vj). A voltage 
of -substantially (2Vdd) minus a threshold voltage drop 
(Vt) exists across transistors 45 and 47. Capacitor 40 is 
therefore discharged via transistors 45 and 47 until node 

41 reaches (V2>£)+2Vr) and node 43 reaches 
(Ydd-^Vt). 

It should be readily apparent that a threshold voltage 
has been charged onto capacitor 42 when the clock 
signal is at zero volts. Since capacitor 42 is connected 
between the gate and drain of transistor 63, capacitor 42 
pre-biases transistor 63 with a threshold voltage. Tran- 
sistor 63 therefor^functions-as a diode configured tran- 
sistor with no threshold voltage drop. If transistor 45 is 
fabricated with the same control electrode dimensions 
as transistor 63, transistors 45 and 63 have substantially 
the same threshold voltage. TTierefore, the threshold 
voltage of transistor 45 which is stored onto capacitor 

42 provides the correct bias across the gate and source 
of transistor 63 to cancel the threshold voltage drop of 
transistor 63. As a result, the voltage at node 50 will 
vary substantially between IVj^d and 3Vdd as the 
lower or second electrode of capacitor 49 varies be- 
tween zero and V/>/> volts. Coupling transistor 64 has a 
threshold voltage drop associated therewith which is 
compensated in an analogous manner by transistors 52, 
58 and 60 and capacitors 53 and 54. The transistor di- 
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mensions of transistors 45, 63 and 58, 64 may be ad- 
justed for less drive voltage to reduce reverse leakage 
current through transistors 63 and 64. The present in- 
vention provides a significant advantage over previous 
charge pumps in that large output voltages may be 5 
provided from supply voltages of less than five volts. 
Knowing that the voltage differential between node 35 
and node 41 must be equal to at least two threshold 
voltage drops, a theoretical minimium value of Vdd 
may be readily determined. Since 

V4i(BiM)-V35(„ft,)e2Vr 
must be satisfied in order to charge a compensating 
threshold voltage onto capacitor 42» it follows that th^ 
minimum value for Vdd is: 15 

V/?i>£(3/2) Vr. 

For supply voltage values less than (3/2) Vj-, the thresh- 
old voltage drop across transistor 63 cannot be can- 
celled completely and the output voltage of charge 20 
pump 10 will be reduced from the intended value. How- 
ever, for MOS processes m which a transistor threshold 
voltage varies between one and two volts, charge pump 
10 is fully functional for supply voltages as low as be- 
tween two and three volts. 25 

In one form, the output voltage may be limited by 
connecting node 50 to power supply voltage Vi>|>via a 
conventional diode clamp (not shown) such as two 
series connected diode configured N-channel MOS 
transistors. The purpose of such a diode clamp would be ^ 
to limit the output voltage to a predetermined maximum 
value if the power supply value is subject to wide varia- 
tion. 

Clock portion 18 functions to coordinate the switch- 
ing of the charge boosting of nodes 30, 35 and 50. A 
transition of a clock signal is initially reflected by 
CLOCK 1 which affects the charging and discharing of 
capacitor 53. When the complement clock signal transi- 
tions, the voltage at nodes 30, 41 and 50 changes in 
direct response. After the bias voltage of transistor 36 is 
establish^!, the CLOCK 2 signal transitions to change 
the voltage at node 35. It should be apparent that many 
other types of clock logic circuits could be used to 
effect the required switching. A significant aspect of the 
clock timing provided by clock portion 18 is the fact 
that transistor 36 should be made nonconductive before 
capacitor 38 is charge boosted so that the charge on 
capacitor 38 does not leak back to the Vdx? power sup- 
ply. Additionally, the second electrodes of capacitors ^ 
40 and 53 should be clocked before nodes 35 and 50 are 
clocked, respectively. By first docking capacitors 40 
and 53. circulation of charge thru transistors 39, 45 and 
47 and capacitor 42 begins immediately after a clock 
signal transition. Otherwise, the charging and discharge 
ing action of capacitors 38 and 49 by other coupled 
devices in charge pump 10 could inhibit charge circula- 
tion thru transistors 39, 45 and 47 and capacitor 42. 

By now it should be apparent that a charge pump has 
been provided which operates at low supply voltages ^ 
below five volts as well as at higher voltages. The pres- 
ent mvention may be practised with one or more pump 
stages such as stage 16 depending upon an actual value 
of output voltage desired. Although the detailed de- 
scription of the present invention does not acknowledge 65 
the effects of parasitics associated with the various 
nodes of pump 10, pump 10 remains effective in provid- 
ing an accurate amplified output voltage at node 66 
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even when charge sharing of the nodal voltages occurs 
with parasitic capacitance. 

While an embodiment has been disclosed using cer- 
tain assumed parameters, it should be understood that 
certain obvious modifications to the circuit or the given 
parameters will become apparent to those skilled in the 
art, and the scope of the invention should be limited 
only by the scope of the claims appended hereto. 

We claim: 

1. A circuit for increasing a power supply voltage 
from a power supply source and providing a boosted 
output voltage at an ou^ut terminal, comprising: 

diode means coupled between a first node and a sup- 
ply terminal adapted to receive the power supply 
voltage, said diode means having a threshold volt- 
age and preventing current flow from the first node 
to the supply tenninal; 

first charge storage means coupled to the ou^ut 
termmal for selectively storing the power supply 
voltage and a boost voltage to provide the boosted 
output voltage; and 

transistor coupling means having a control electrode, 
a first current electrode coupled to the first node, 
and a second current electrode coupled to the out- 
put terminal, and a threshold voltage associated 
therewith; 

wherein the improvement comprises: 

compensation means coupled between the first node 
and the control electrode of the transistor coupling 
means, for providing a control voltage to the con- 
trol electrode sufficiently above the threshold volt- 
age of the transistor coupling means so as to reduce 
the effective threshold voltage drop between the 
first node and the output tenninal to substantially 
zero volts. 

2. The circuit of claim 1 wherein said compensation 
means further comprises: 

second compensation means coupled between the 
supply tenninal and the first node, for preventing 
the first node from dropping below the power 
supply voltage. 

3. The circuit of claim 2 wherein said second compen- 
sation means further comprises: 

a first transistor having its current conducting elec- 
trodes coupled between the supply tenninal and 
the output terminal, and having a control electrode 
coupled to a first node; 

a second transistor having its current conducting 
electrodes coupled between the supply terminal 
and the first node, and having a control electrode 
coupled to the output tenninal; and 

second charge storage means coupled to the first 
node for selectively storing the boost voltage. 

4. The circuit of claim 1 wherein said compensation 
means further comprise means coupled between a pre- 
determined one of the current electrodes of the transis- 
tor coupler and the control electrode of the transistor 
coupler, for cancelling the threshold voltage drop of 
the transistor coupler and making said threshold volt- 
age drop substantially zero volts, comprising: 

second charge storage means coupled between the 
output node and the control electrode of the tran- 
sistor coupler; 

a first diode configured transistor having both a first 
cunent electrode and a control electrode con- 
nected to the output tenninal, and a second current 
electrode; 
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a second diode configured transistor having a first 
current electrode coupled to the output terminal, 
and both a second current electrode and a control 
electrode connected to the control electrode of the 
transistor coupler; 

a third diode configured transistor having a first cur- 
rent electrode coupled to the control electrode of 
the transistor coupler, and both a second current 
electrode and a control electrode connected to- 
gether; and 

third charge storage means coupled to the second 
current electrodes of the first and third diode con- 
figured transistors, for selectively storing the boost 
voltage. 

5. The circuit of claim 1 further comprising: 
clock means for receiving an input clock signal and 

providing therefrom a control signal and a comple- 
ment thereof as the boost voltage to the charge 
storage means and to the compensation means, 
respectively. 

6. A charge pump circuit for boosting a power supply 
voltage to provide a boosted output voltage, compris- 
ing: 

a diode configured transistor having a first current 
electrode and a control electrode connected to- 25 
gether and coupled to a terminal for receiving the 
power supply voltage, and a second current elec- 
trode connected to a first node for supplying a 
primary voltage at the first node, said diode config- 
ured transistor having a first threshold voltage 30 
drop associated therewith; 

first capacitance means having a first electrode cou- 
pled to the first node and a second electrode for 
selectively receiving a clock signal voltage, said 
capacitance means boosting the primary voltage at 35 
the fu-st node to a secondary voltage; 

first compensation means coupled in parallel with the 
diode configured transistor for compensating for 
the first threshold voltage drop so that the primary 
voltage substantially equals the power supply volt- 
age; 

output capacitance means for selectively storing the 
secondary voltage to provide the boosted output 
voltage 

transistor coupler means having a second threshold 4S 
voltage drop associated therewith, said transistor 
coupler means having a control electrode and cur- 
rent conducting electrodes which selectively cou- 
ple the first node to the output capacitance means; 
and 

second compensation means coupled between the 
control electrode and a predetermined one of the 
current conducting electrodes of the transistor 
coupler means for compensating for the second 
threshold voltage drop so that the boosted output 55 
voltage substantially equals the secondary voltage 
at the first node. 

7. The charge pump of claim 6 wherein the first com- 
pensation means comprise: 



a first transistor having a first current electrode cou- 60 step of: 



supply voltage, a control electrode coupled to the 
first node, and a second current electrode coupled 
to the control electrode of the first transistor, and 
second capacitance means having a first electrode 
coupled to the second current electrode of the 
second transistor, and a second electrode for selec- 
tively receiving the clock signal voltage. 

8. The charge pump of claim 6 wherein the second 
compensation means further comprise: 

second capacitance means having a first electrode 
coupled to the first node and a second electrode 
coupled to the control electrode of the transistor 
coupler means; 
a first diode configured transistor having a first cur- 
rent electrode coupled to the first node and both a 
control electrode and a second current electrode 
coupled to the control electrode of the transistor 
coupler means; 
a second diode configured transistor having a first 
current electrode coupled to the control electrode 
of the transistor coupler means, and both a control 
electrode and a second current electrode con- 
nected together; 
a third diode configured transistor having both a first 
current electrode and a control electrode coupled 
to the first node, and a second current electrode 
coupled to the second current electrode of the 
second diode configured transistor; and 
third capacitance means having a first electrode cou- 
pled to the second current electrodes of the second 
and third diode configured transistors, and a sec- 
ond electrode for selectively receiving the clock 
signal voltage. 

9. The charge pump of claim 7 wherein the second 
capacitance means selectively receives the clock signal 
voltage by receiving a delayed complement of the clock 
signal voltage. 

10. The charge pump of claim 8 wherein the third 
40 capacitance means selectively receives the clock signal 

voltage by receiving a delayed complement of the clock 
signal voltage. 

11. A method of providing a boosted output voltage 
from a power supply voltage, comprising the steps of: 

coupling a power supply voltage terminal to a first 
node via a diode means having a first threshold 
voltage drop associated therewith; 
coupling charge storage means to the first node for 
selectively boosting the first node's voltage poten- 
tial to a predetermined voltage potential; 
selectively coupling the first node to an output 
charge storage means via a coupling device having 
a second threshold voltage drop associated there- 
with; and 

compensating for the second threshold voltage drop 
so that the voltage potential coupled to the output 
charge storage means substantially equals the volt- 
age potential of the first node. 

12. The method of claim 11 further comprising the 



50 



pled to the terminal for receiving the power supply 
voltage, a control electrode and a second current 
electrode coupled to the first node; 
a second transistor having a first current electrode 
coupled to the terminal for receiving the power 65 



compensating for the first threshold voltage drop of 
the diode means so that the first node has the same 
voltage potential as the power supply voltage ter- 
minal. 
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ABSTRACT 



A circuit is described which holds the bootstrap node of 
a MOS push-pull end stage at a constant potential even 
if the end stage has to generate an output H-level. A 
diode/capacitor charge pump circuit supplies the re- 
quired pulse current only fed to the node in case of the 
output H-level 
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whose polarity is opposite to that the supply voltage u, 

MOS BOOTSTEUP PUSH-PULL STAGE is connected to the supply voltage u. 

The second direct-voltage terminal 12 of the first 

BACKGROUND OF THE INVENTION charge pump circuit pi is connected to the first direct- 

This invention relates to a bootstrap push pull stage. ^ ""^l^^ ^\ ^^^^ "^°f^ ^^^^ P^P ^® 

More spccificaUy, this mvention r^ to a dighal P^^^ ^ ^^T^ ^ h'S '^T' I^' i"^ 

^^^luuil u^M^^ »,Mk ^u.^J^^r, supply voltage u. The second direct-voltage tenmnal 22 

monoUAic bootett^ push puU stage uang of the second charge pump ciruit p2 is ejected to the 

IJT' transistor tedhnology (MOS bootstrap node 'n»e'U:^nd diie^t-voltag^ 
tedinology).SucAastagecompnscstiw^^ of the fiJst charge pump drcuH pi and Ac fust direct- 
mode output-stage transistors havmg their dnun-source ^^^^^ ^^^^ ^lof the second charge pump circuit 
pa^ comiectedm scncs between the supply voltage ^ are grounded through the first capacitor cl, which 
and ground. A bootetrap capacitor has one of its term- ^ ^ smoothing capacitor. The dock input of the 
nals connected to the gate of the output-stage transistor gccoad charge pump circuit p2 is connected to the out- 
coupled to the supply voltage, whereby the bootstrap 15 of the switching stage s, whose signal input se and 
node is formed, and has its other terminal connected to control input ss arc connected to the output f of the 
a point following the potential of the output of the clock oscillator t and to the control input e of the boot- 
bootstrap push-pull stage. The bootstrap pus^-pull stage strap push-pull stage, respectively. The switching stage 
further comprises a first charge pump circuit having its s passes on the clock signal when the input signal of the 
clock input connected directly to the output of a clock 20 bootstrap push-pull stage b is at the logic level assigned 
oscillator and having its first direct-voltage terminal, to the supply voltage u. In the schematic circuit dia- 
whose polarity is opposite to that of the supply voltage, gram of FIG. 1, the input e is shown connected to the 
connected to the supply voltage, and the inverters and gate of the grounded output-stage transistor et2 for 
capacitors. simplicity. 

A bootstrap push-pull stage of this kind is disclosed in 25 FIGS. 2 and 3 are circuit diagrams of different em- 

Ofienlegungsschrift D£ No. 23 59 646. In that stage. bodiments of a bootstrap push-pull stage according to 

manufacturing variations affecting the gate voltage are the invention. In both embodiments, the charge pump 

compensated for, so that operation within a linear range circuits pi, p2 are of the same design; the first, pi, con* 

is ensured. The parameters of stages fabricated together sists of the first and second MOS diodes dl, d2 and the 
^th their load circuits on diiferent semiconductor wa- ^ second cqsacitor c2, and the second, p2, consists of the 

fers vary if an externally generated gate voltage com- third and fourth MOS diodes d3, d4and the third capac- 

mon to all push-pull stag^ is applied. ^^r c3, with the MOS diodes dl, d2 and d3, d4 con- 
nected in series in the same direction between the di- 

SUMMARY OF THE INVENTION rect-voltage terminals 11, U, and 21, 22, respectively, of 

The object of the invention is to improve the prior art charge pump circuits, 

circuit so that during the presence of an output level ^ ^ ^ ^* ^ siipply-voltage u is assumed to 

corresponding to the potential of the supply voltage, ^ positive (-hu), so the transistors are n-channel tran- 

the voltage at the bootstrap node remains as constant as t^'^ "^^1^^^^^..^^ 5!^^ ^"^"^ ^^^^ 

possible even over prolonged periods and the output ^ '^^'^i^^?,^,^^^^ 

level remains constant as well. ^ invention mak«^ it ^ ^^^'"^ JS^c"^ 

prolonged periods of tmie. ^ ^ ^^^^ of the switching stage s through 

BRIEF DESCRIPHON of THE DRAWINGS the third capadtor c3. The anode of the first MOS 

with reference to the accompanymg drawings, m nodek. 

^Voich . 

Teirlti.^.^u *i ^ w In FIG. 2, that termmalofthe bootstrap capacitor c4 

na 1 IS a schemauc circuit diagram of a bootstrap ^^i^ ^ ^^t comiected to the bootstrap nodeTtied to 

^"^'JSf according to Ac mvention; and 50 ^^^^^ ^^^^^ -^^^ ^ Th^ 

FIGS. 2 and 3 are circmt diagrams of different em- ^ ^f the transistor et3, whose gate is comiected to the 

bodunents of such a bootstrap push-pufl stage. g^te of the output-stage transistor et2 and whose source 

DETAILED DESCRIPTION ^ grounded, and the depletion-mode transistor dt, used 

. . . . as a load device and having its drain connected to the 

Theschematic arcwt ^agran of FIG. 1 shows the 55 supply voltage -hu. Associated with the ou^ut-stage 
bootstrap push-pull stage b with the two enhancement- transistors etl, et2 is the drive stage formed from the 
mode output-stage transistors, ctl, ct2, whose source- cnhancement^node transfer transistor ttl and the two 
drain paths are connected in series between the siipply inverters il. i2, with the gate of the grounded output- 
voltage u and ground, the node of the source-dram stage transistor et2 connected to the output of the first 
paths being the output a of the bootstrap push-pull stage 60 inverter il, whose input is rf^Tifrtfi! to the bootstrap 
b. The bootstrap capacitor o4 is connected to the gate of node k via the source-drain path of the first transfer 
the output-stage transistor etl, thereby forming the transistor ttl, whose gate is connected to the supply 
bootstrap node k, and to a point following the potential voltage +u, and to the input c of the bootstrap push- 
of the output a; in FIG. 1, this point is the ou^ut a itself. pull stage via the second inverter i2. The switching 
The drain of the output-stage transistor etl is coupled to 65 stage s of FIG. 2 consists of the first enhancement^node 
the supply voltage u. The first charge pump circuit pi transistor tl, whose source-drain path is located be- 
has its clock input con n e ct ed to the outpm f of the clodc tween the output of this stage and ground and whose 
oscillator t, and its first direct-voltage terminal 11, gate, representing the control input ss, is connected to 



4,633,106 



the output of the first inverter il, aod the second en- 
hancement-mod e transistor t2, whose source-drain path 
is located between the output of the signal input se of 
the switching stage ss, and whose gate is connected via 
the source-drain path of the second enhancement-mode 5 
transfer transistor tt2, which has its gate connected to 
the supply voltage, to the output of the second inverter 
i2 and via the source-drain path of the first transfer 
transistor ttl to the bootstrap node k. 

In FIG. 3, the terminal of the bootstrap capacitor c4 10 
not connected to the bootstrap node is tied directly to 
the output a of the bootstrap push-puU stage. The gate 
of the output-stage transistor et2 is connected to the 
output of the first inverter il of the driver stage, and the 
input of this first inverter il is connected to the output IS 
of the second inverter i2 and, through the source-drain 
path of the transfer transistor til', whose gate is con- 
nected to the supply voltage 4- u, to the bootstrap node 
k. The input of the second inverter 12 is connected to 
the output of the third inverter i3, which has its input 20 
connected to the input e of the bootstrap push-pull stage 
b. The output of the third inverter i3 is also connected 
to the gate of the first enhancement>mode transistor tl' 
of the switching stage s. The source-drain path of this 
transistor is inserted between ground and the output of 25 
this stage. The second enhancement-mode transistor t2' 
has its source-dram path connected between the output 
and the signal input se of the switching stage s, and its 
gate is connected to the input e through the source- 
• drain path of the transfer transistor tt2', whose gate b 30 
coupled to the supply voltage -f u. 

llie MOS diodes dl . . . d4 are n-channel enhance- 
ment-mode transistors with a gate-drain connection as 
the anode» and the capacitors cl, c2» c3 and the boot- 
strap capacitor c4 are MOS transistors of the same type 3S 
with a drain-source connection. 

To explain the operation of the circuit, reference will 
be made to FIG. 3. 

It is assumed that the H level is the more positive of 
the two binary-system logic levels, and the L level the 40 
more negative one. Since the clock signal from the 
clock osdllator t is applied continuously to the pump 
circuit pl« the latter establishes at the ungrounded ter- 
minal of the first capacitor cl a potential lying above 
the supply potential -|-u. This higher potential is further 45 
increased by the second pump circuit p2 with respect to 
the bootstrap node k depending on the logic signal at 
the input e. If the input c is at an H level, the gate of the 
transistor t2' is at an H level, too, while the gate of the 
transistor tl' is low. Both conditions together cause the 50 
clock signal to be transferred to the second pump circuit 
p2, which thus applies a correspondingly high voltage 
to the bootstrap node k. The H level at the input e 
causes an H level at the bootstrap k via the inverters i3, 
i2 and the transfer transistor ttl'. Since, on the other 55 
hand, the H level at the input e results m an L level at 
the gate of the ou^t-stage transistor et2 because of the 
inverters i3» i2, il, this transistor is cut off, so that the 
output a like the bootstrap node k, is at an H level. As 
long as the input e is high, i.e., as long as the output is to 60 
be high, too, this condition is maintained regardless of 
the leakage currents effective at the bootstn^ node k, 
because the two pump circuits pi, p2 compensate for 
the leakage currents and, thus, maintatn the high poten- 
tial at the bootstrap node k that is required for the H 65 
level at the output a. 

Viewed from an L state preceding the above-men- 
tioned H state at the input e, the tumoff of the output- 



stage transistor et2 is delayed by the delay of the in- 
verter il with respect to the generation of the H level at 
the bootstrap node k, so that the output a does not 
change from the L level caused by the L level at the 
input e to the H level until the H level is present at the 
bootstrap node k, i.c., the bootstrap action of the boot- 
strap capacitor c4 can take full effect 

If the input e is at an L level, the gate of the transistor 
tr is at an H level, so that this transistor is conducting, 
and the gate of the transistor t2' is at an L level, so that 
this transistor is cut off. Thus, the capacitor c3 is practi- 
cally at ground potential, and no dock signals are trans- 
ferred to the second pump dicuxt p2. The bootstrap 
node k is at an L level, on which, however, the potential 
across the capacitor cl is superimposed, which is ap- 
plied therethrough the diodes d3, d4. The output-stage 
transistor eX2 is constantly on because of the H level at 
its gate, so that the output a is at an L level 

During each L to H transition, the transfer transistors 
ttl' and tt2' cause a bootstrap effect at the gates of the 
output-stage transistor etl and the transistor t2', respec- 
tively, which are connected to them. This has a favor- 
able effect on the switching conditions and, thus, the 
slope of the transition edge. 

What is claimed is: 

1. A digital monolithic integrated bootstrap push-pull 
stage using insulated-gate field-efTect tranristor technol- 
ogy and comprising: 

an input terminal; 

first and second enhancement-mode output-stage 
transistors having their drain-source paths con- 
nected in series between a supply voltage terminal 
and a ground terminal, the drain source path of said 
first transistor connected to said supply voltage 
terminal said second transistor having its gate con- 
nected to said input terminal; 

an output terminal coupled to the junction of said first 
and second transistors; 

a bootstrap capacitor having a first terminal con- 
nected to the gate of said first transistor whereby a 
bootstrap node is formed, and having a second 
tenmnal connected to a circuit point which follows 
the potential at the output of the bootstrap push- 
pull stage; 

a first charge pump circuit having a first clock input 
terminal for receiving clock signals, a first direct- 
voltage terminal connected to said supply voltage 
terminal, and a second direct-voltage terminal hav- 
ing a voltage polarity opposite to that of the supply 
voltage; 

a second charge pump circuit having a first direct- 
voltage terminal having a voltage polarity opposite 
to that of the supply voltage and coupled to said 
first charge pump s&cond direct voltage terminal, a 
second direct-voltage terminal connected to said 
bootstrap node, and a second dock input terminal 
for receiving clock signals; and 

a switching stage having a third iiq>ut terminal cou- 
pled to said input teroSnal and having a third dock 
input terminal for recdving said clock signals and 
having a clock output terminal for coupling said 
dock signals to said second clock input terminal 
via said clock ou^ut terminal if the input signal to 
said bootstrap push-pull stage at said input terminal 
is at a logic level assigned to the supply voltage at 
said supply voltage terminal. 

2. A bootstrap push-pull stage in accordance with 
daim 1, wherein said second direct-voltage terminal of 
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said first pwaap circuit and said first direct>voltage ter- 
minal of said second charge pomp drcnit are grounded 
through a first capacitor. 

3. A bootstrap push-pull stage in accordance with 
daim 1, whereb: S 

said first charge pump circuit comprises first and 
second MOS diodes serially connected between 
said first and second direct-voltage terminals of 
said first charge pump circuit; and 

said second charge pump circuit comprises third and 10 
fourth MOS diodes connected in seiies between 
said first and second direct-voltage terminals of 
said second charge pummp circuit 

4. A bootstrap push-pull stage in accordance with 
claim 3 using n-channel transistors, wherein: 15 

said first charge pump circuit includes a second ca- 
pacitor, the cathode of said first MOS diode and 
the anode of said second MOS diode being con- 
nected to said first clock input terminal through 
said second capacitor; 20 

said second charge pump circuit includes a third 
capacitor, the cathode of said third MOS diode and 
the anode of said fourth MOS diode are connected 
to said clock output terminal of said switching 
stage through said third capacitor; and 25 

the anode of the first MOS diode and the cathode of 
the fourth MOS diode are connected respectively 
to said supply voltage terminal and said bootstrap 
node. 

5. A bootstr^ push-pull stage in accordance with 30 
daun 4, wherein said second terminal of said bootstrap 
capacitor is connected to the output of said boot&trq) 
push-puU stage. 

6. A bootstrap push-puU stage in accordance with 
claim 4 comprising: 35 

an auxiliary inverter having an output coupled to said 
bootstrap capacitor second terxninal and an input • 
coupled to die gate of said second output stage 
transistor, and 

a depletion mode transistor is used as a load in said 40 
auxiliary inventer. 

7. A bootstrap push-pull stage in accordance with 
claim 6 using n-channel transistors, and wherein said 
depletion-mode transistor has its gate and source con- 
nected to said second terminal of said bootstrap capaci- 45 
tor. 

8. A bootstrap push-pull stage in accordance with 
claim 4 wheron: 

said first, second, third and fourth MOS diodes each 
comprise an enhancement-mode transistor with a SO 
gate-drain coimection forming the anode; and 

said boostrap capacitor and said second and third 
capacitors each comprise a transistor with a drain- 
source connection. 

9. A bootstrap push-pull stage in accordance with 55 
claim 7 wherein: 



said first, second, third and fourth MOS diodes each 
comprise an enhancement-mode transistor with a 
gate-drain connection forming the anode; and 

said bootstrap capacitor and said second and third 
capacitors each comprise a transistor with a drain- 
source connection. 

10. A bootstrap push-pull stage in accordance with 
claim 9 including: a driver stage having a first inverter, 
a second inverter and a first enhancement-mode transfer 
transistor; and wherein 

the output of said first inverter is connected to the 
gate of said second output-stage transistor, the 
input of said first inverter is connected to said boot- 
strap node via the source-drain path of said first 
enhancement-mode transfer transistor, said transfer 
transistor having its gate connected to said supply 
terminal, and the input tenninal of said boostrap 
push-pull stage is connected to the inpat of said 
second inverter, and the output of said second 
inverter is connected to said mpat of said first m- 
verter. 

11. A bootstrap push-pull stage in accordance vath 
claim 10, wherein said switching stage includes: 

a third enhancement-mode transistor having a source- 
drain path connected between the clock output 
tenninal of said switching stage and said ground 
terminal and a gate coimected to the output of said 
first inverter; 

a fourth enhancement-mode transistor having its 
source-drain path connected between said clock 
output tenninal and said third clock input terminal 
of said switchmg stage; and 

a second enhancement-mode transfer transistor hav- 
ing a source-drain path connected between the gate 
of said fourth enhancement-mode tranastor and the 
output of said second inverter and a gate connected 
to said supply voltage terminal. 

12. A bootstrap push-pull stage in accordance with 
claim 10, wherein: 

said switching stage includes a third inverter, a fifth 
enhancement-mode transistor having its drain- 
source path connected between said switching 
stage clock output terminal and said ground termi- 
nal and having its gate connected to the output of 
said third inverter, a sixth enhancement-mode tran- 
sistor having its source-drain path connected be- 
tween said switching stage third dock input termi- 
nal and said dock output terminal and a third en- 
hancement-mode transfer transistor having its 
source-drain path connected between the third 
input terminal and the gate of said sixth enhance- 
ment-mode transistor and having its gate con- 
nected to said supply voltage terminal; and 

the input of said second inverter is connected to the 
output of said third inverter. 
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[57] ABSTRACT 

A level selectable PET voltage generation system is 
described. The system mcludes a single charge pump 
controlled by multiple feedback paths and a power- 
down circuit Each feedback path contains a capacitor 
divider network, a sense amplifier with a compensating 
voltage reference and a timer which periodically resets 
the capacitor divider networic to insure sensing accu- 
racy. The powerdown circuit and a selected feedback 
path provides a desired voltage level at the output of the 
charge pump. 
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[57] • 



ABSTRACT 



A capacitor-plate bias generator produces a voltage on 
the capacitor plate node which consists of a constant 
voltage plus the sense-level voltage. Consequently, the 
capacitor-plate node tracks any variations in the sense- 
level voltage. The constant voltage is 3VbGj or 3 times 
the bandgap voltage of silicon. The circuit includes a 
reference-voltage source which produces the sum of the 
sense-level voltage and Vsa and a feedback control 
circuit for enabling either a charge pump or a charge 
bleeder to regulate the capacitor-plate voltage at a level 
above the circuit supply voltage. 
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voltage depends upon and tracks the variations of the 

CAPACrrOR-PLATE BIAS GENERATOR FOR Vcc/2 voltage. 

CMOS DRAM MEMORIES A third object of the present invention is to produce 

such a capadtor-plate bias voltage having a magnitude 

BACKGROUND OF THE INVENTION 5 of Vcc/2 +K, where K is a constant 

The present invention relates generally to dynamic A fourth object of the present invention is to produce 

read-write randomly accessible .memory devices a capadtor-platc bias voltage havmg a magmtude 

(DRAMs)» more particulariy to dynamic RAMs which greater than Vco 

use a grooved-surface structure to achieve a very high A fifth object of the present mvention is to produce a 

density of capacitive memory elements, and especially capacitor-plate bias voltage having a magnitude greater 

to a capacitor-plate bias generator drcuit for such mem- than Vcc without requiring a source of voltage higher 

ory devices. than Vcc 

Digital information is stored in the form of capacitive To the above ends, a capacitor-plate bias generator 
charge in a matrix-array of many capacitive elements in according to the present invention includes a reference 
the DRAM memory device. Recently, certain advances generator which produces a stable output voltage bav- 
in the manner of forming the capacitive memory ele- ing a value of Vcc/2 +Vi?G, where V^cis the bandgap 
ments have increased the density of memory elements voltage of Silicon. The output voltage of this reference 
on each silicon wafer or chip. generator is coupled to one input of a charge-pump 

One such advance has involved the provision of a enable circuit, a second input of which is derived from 

grooved-surface microstructure on the silicon wafer, 20 output or capacitor-plate voltage, 

such that the surface area available for the formation of a charge pump under the control of the charge-pump 

capacitive memory elements is increased substantially enable circuit is used to pump sufficient charge into the 

as compared to the planar structures formerly in use. capacitor-plate node to raise its voltage above the Vcc 

However, the use of such a groove technology in form- i^y^^ charge pump may, for example, raise the 

ing the capactive elements has resulted in changes in the 25 y^^^^^ ^ approximately \ cc/^-\''SW BG^ 

capacitor structure which have set new requirements jj,e output voltage of the reference generator is also 

for the capacitor-plate bias voltage, as wUl appear from coupled to one input of a capacitor-plate bleeder circuit, 

the detaUed discussions later in this patent application. ^ . ^^^^^ ^^^^ ^^^^^ 

In order that the newCT groove techno^gy r^^^ capacitor-plate voltage. The capacitor-plate bleeder 

reliable memory devices having the desired charactens- 30 ^^^^.^ ^^^^^^^^ ^ ^^jtage limit for the capaci- 

ucs of high denaty and very low soft error rate^ new ^^^^ When ihis limit is reached, a charge 

capacitor-plate bias generator circuit was needad For J j ^^^^j 

reasons which will be discussed m the later portions of -r *i. *u u a «i,o™ kUjI^ «~ 

thisapplication,thebiasgeneratormustgenerateavolt- Together, the charge pump and charge bleeder are 
wffi h%te tKe Vcc voltagfin use in the 35 operated m such a way as to cause the capacitor-plate 
device, must be stable over a wide range of operating Y^ltage to remam withm a narrow range around a de- 
conditions, and must be insensitive to normal process f 5° ^^^g^ chosen large enough to permit the use of 
and temperature variations. Vccvolts as the logic 1 voltage and 0 volts as the logic 

0 voltage. 

DESCRIPTION OF THE RELATED ART 4^ The above and other features, objects, and advan- 

A copending application, entitled Midpoint Sense *e present invention, together with the best 

Amplification Scheme for a CMOS DRAM, Ser. No. contemplated by the inventors for carrying out 

06/740,356, filed June 3, 1985, now U.S. Pat No. ^^ir mvention will become more apparent from read- 

4,694,205 and commonly assigned with the present in- "»g the following detaUed description of the invention 

vention, covers a novel system for controlling the sense 45 and from studying the associated drawing, the various 

amplification rate at the inputs of a CMOS sense ampli- figures of which represent: 

fier. Like the present invention, the system is designed BRIEF DESCRIPTION OF THE DRAWING 
for use in a midpoint sensing scheme, i.e., one in which 

the 1 and 0 logic states of the memory cells are repre- P^G- ^ »s a simplified showing of a single capacitive 

seated by Vccvolts and 0 volts, respectivdy, and the 50 memory cell according to the present invention; 

bit-lines are pr«^harged at the beginning of each sense ^O. 2 is a block-schematic representation of a 

cycle to the midpoint of these two voltages, which is capacitor-plate bias circuit according to the present 

Vcc/2. invention; 

The above copending application also contains cita- FIG. 3 is a schematic representation of a charge 

tions to other related art describing CMOS DRAMS 55 pump according to the present invention; 

using a similar sense cycle in which the bit-lines are FIG. 4 is a timing diagram of voltage waveforms in 

pre-charged to a VccH. level. As will appear from the the circuit of FIG. 3. 

later descriptions of this application, such schemes ide- FIG. 5 is a schematic diagram of the circuit within 

ally require that the voltages across the capacitive mem- the left dotted rectangle in FIG. 2; 

ory elements be referenced to a voltage which is depen- 60 FIG. 6 is a schematic diagram of a portion of the 

dent upon and tracks the Vcc/2 voltage of the bit-lines. circuit within the right dotted rectangle in FIG. 2. 

SUMMARY OF THE INVENTION DETAILED DESCRIPTION OF THE PRESENT 

An object of the present invention is to produce a 
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capacitor-plate bias voltage suitable foruse in a CMOS 65 In FIG. 1, a single capacitive memory cell 1 has been - 

DRAM using a Vcc/2 sense scheme. illustrated in a much simplified and idealized form. A 

A second object of the present invention is to pro- capacitive memory element 3 has an anode electrode 5 

duce such a capadtor-plate bias voltage such that the and a cathode electrode 7. Cathode 7 is connected to a 
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Storage node 9, while anode electrode 5 is connected, in pp. 254-261 of Analysis and Design of Analog Integrated 

common with the anodes of the other capacitive mem- Circuits by Gray and Meyer, published by John Wiley, 

ory elements in the matrix-array memory device (not 1977, may be used as V^g generator 23. 

shown) of which cell 1 is a part, to a capacitor-plate The output of generator 23, consisting of the sum of 

node 11. 5 Vcc^ and Vbg is connected to a Vref line 25, such 

A single data bit is stored in cell 1 and is represented that: 
by the voltage of storage node 9. Access to node 9 is 

controlled by a word-select gate transistor 13 which yREF=ycc/2+VBc 
couples node 9 to a bit-lme 15 whenever the potential 

on a word-line 17 goes high. lo The function of the remainder of the circuitry of 

In one preferred scheme, logic 0 data is represented FIG» 2 can be sumniarized as the utilization of Vref to 

by 0 volts on node 9, logic 1 data is represented by a establish and maintain a voltage on Une 19 of 

voltage of Vcc on node 9, and bit-line 15 is pre-charged Vcc/2 + K, in accordance with the discussion of FIG. 1 

to a voltage which is the midpoint of these values, or above. The method of doing this involves the periodic 

Vcc/2 prior to connecting bit-line 15 to node 9 to read 15 pumping of charge into Une 19 to raise its potential and 

the data in cell 1. the periodic bleeding of charge from line 19 to lower its 

Capacitor 3 is formed with a sihcon cathode, a potential 
polysUicon anode, and with a relatively thin dielectric ^ blewier control circuit 27, enclosed within the left 
layer of, for example, 150 Angstroms of S1O2 separatmg produces and controls a bleeding of charge 
Its cathode and anode. Such a cap^^^^ 20 from the line 19, while a pump control circuit 29, en- 
Uireshold voltage Vrof approximately 0.4 to 1.0 volts, ^^^^ ^ght dotted line produces and con- 
depending on temperature. ConsequenUy, the capaci- ^^j^. . ^fl^ 
tor-plate node 11 must always be held at a voltage a.^--k-«i««j«--i ft-^wT-K^i^r -♦..^..^rTTfr- «» 
which is more positive than the voltage of the storage "^J^'""?^ * bnef study of FIG. 2, each 
node 9 by Vr volts or more of circuits 27 and 29 uses a scheme which may be sum- 
On the other hand, the relatively thin dielectric layer S"°'^fl^"'' r*" which is a certain 
establishes an upper limit of about 10 volts that can *^tion of the voltage on line 
safely be supported without fear of destruction of the Vw voltoge on hne 25, and turn the charge 
dielectric. When the data in ceU 1 is a 0, the voltage P™P ^^^^ bleeda on or off m response to the 
across capacitor 3 is Vcft the voltage of capacitor-plate ^ difference between these two voltages, 
node 11. Pump control circmt 29 thus mcludes a voltage di- 
Since the voltage level at which sensing occurs is the y^^er 31 having an input connected to line 19 and hav- 
voltage of bit-line 15, an optimum voltage source for "^S an output line 33 connected to one input of a com- 
biasing the capacitor-plate node 9 should track this parator 35. As will be shown in the later detailed de- 
bit-line voltage. Finally, since the bit-line pre-charge 35 scription of the circuitry used to realize the function of 
voltage is Vcc/2, the voltage of the capacitor-plate bias pump control circuit 29, the voltage produced on Une 
source should be function of Vcc/2 such that it follows 33 by divider 31 is: 
any variations of bit-Une voltage exactiy. 

Taking these requirements together, we can say that ''J3=<f'cp^ Kcc/2y3+ Kcc/2. 
the ideal capacitor-plate bias source should produce a ^ 

voltage: Comparator 35 compares V33 with Vref and pro- 
duces at its output a signal which turns on a charge 

Kcp= Vcc^+X* where K is a constant having a pump 37 whenever 
value: 

^ « - „ rjjSJ'w 
K>Vccn+VT 45 

Tf -J * • . 1 ^ ^, ^ Since K/i£/r=s Fcc/2+ K/jgi this turn-on condition 

If we comoder that nommal values for Vcc and Vr ^ ^s: 
might be on the order of 5 volts and I volt respectively, 

then the above relations suggest that K might be chosen [i^y^p- Vccnms Vaa or 
to be 3.S to 4, resulting in a value of Vcp of approxi- 50 

mately 6 to 6.5 volts. The requirement that Vcp track (Kci>^3K£G+^cc/2. 
Vcc/2 results in that Vcp must increase or decrease by 

0.5 volt in response to a 1.0 volt increase or decrease in Bleeder control circuit 27 includes a voltage divider 

Vcc» for example. 39 having an input connected to line 19 and having an 

Turning now to FIG. 2, the circuit arrangement nec- 55 output Une 41 connected to one input of a comparator 

essary to provide the capacitor-plate bias according to 43. The voltage produced on line 41 by divider 39 is: 
the present invention is shown in block-schematic form. 

A c^acitor-plate Une 19 at the top of the figure repre- F4i=(Fcp- Kcg^)/3+ Vccn-^ 
sents all the capacitor-plate nodes 11 of FIG. 1 whose 

voltage must be established and maintained in accor- 60 Thus V4i differs from V33 above only by a small 

dance with the foregoing criteria. offset voltage A. Comparator 43 compares the voltage 

A Vcc/2 dicuit 21, which may be nothing more than on Ime 41 with V^ff-and produces at its output a signal 

a voltage divider, connects to a source of voltage Vcc which turns on a charge bleeder 45 whenever 
at its input, and provides a voltage Vcc/2 to a V^ . 

generator 23 at its output V/rc generator 23 generates a 63 ^^ci^ Vccrm-^Vccn-ti^VREP^ 
voltage Vac which is a stable facsimile of the bandgap 

voltage of siUcon, or at>out 1.2 volts. Any of the known It can be shown that this bleeder turn-on condition 

circuits for producing \bc* such as the one discussed at ensures that: 
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technology, such that n-channel transistors would be 

f'c/»S3Ksc+f'ay2+3A, formed in a p-well. 

Comparator 43 is shown to include a pair of p-chan- 
Considering the pump and bleeder turn-on conditions „gj transistors 55 and 57, each having its source con- 
together, it can be seen that the voltage on line 19 will 5 j^^cted to Vcc, and a pair of n-channel transistors 59 
be regulated between: ^ connected as a differential pair to a current 

are commonly connected to the dram electrode of tran- 

In the interest of minimizing wasted power, the pump sistor 59 An output driver transistor 73 receives the 

and bleeder should not operate simultaneously. The d^m voltage of transistor 61 on hne 65. connected to 

circuit of FIG. 2 provides two mechanism for avoiding the gate of transistor 73. The source of transistor 73 is 

such simultaneous operation: (1) the voltage Vcp at connected to Vcc, whUe its drain is connected to a 

which the bleeder turns off is greater than the voltage current source 75, 

Vcp at which the pump turns on by 3 A; (2) the VpeR The gate of transistors 59 receive the V/{£f voltage 

voltage produced by comparator 35 is fed back along from line 25 in FIG. 2, while the gate of transistor 61 is 

line 46 to bleeder control circuit 27, where it disables connected to line 41 to receive the output from voltage 

charge bleeder 45 whenever charge pump 37 is in oper- divider 39. Comparator 43 has very high gain, on the 

ation. order to 10,000, and produces an output on line 68 

Turning now to FIGS. 3 and 4, a circuit realization of which swings form 0 volts to Vcc volts when the volt- 
charge pump 37 is shown to include a pump clock gen- age on line 41 exceeds VREfhy a few millivolts, 
erator 47, represented in schematic-block form. Clock Voltage divider 39 consists of a series string of three 
generator 47 receives a negative-going pump-enabling p^hannel transistors 67, 69, and 71, each with its gate 
mput signal V?g?7 and produces^ in response a biphase and drain electrodes interconnected. The Vcp input 
pair of output signab Vi>and Vp. These output signals from line 19 in FIG. 2 is connected to the source of 
are in turn connected to the cathode electrodes 49 and transistor 71, while the drain of transistor 67 is con- 
49* of a pair of capacitors CI and C2, the anode elec- nected to a voltage of Vcc/2. Thus, the voltage drop 
trodes 51 and 51' of which connect to a pair of pass divider chain is Vcp-Vcc/l* Since 
transistors 53 and 55. A charging transistor 57 supplies 4^ connects to the source of transistor 67. the low- 
ciirrent from a source of voltage Vcc- , ^. ^ est in the chain of three, the voltage at this point would, 

In the foUowing discussion of the operation of this ^ jj- transistors were identicaUy formed and 

pump, it will be assumed that each of transistors 53, 55, connected be: 
and 57 has a threshold voltage of Vj-volts, representing 

a loss or drop in voltage during conduction. However, [{Vcp- ycc/2)/iH 
capacitors CI and C2 are assumed to have a negligible 

threshold voltage by being realized in a form, and with 35 however, the symmetry of divider 39 has been delib- 

doping levels chosen, to eliminate their Vr. grately disturbed by connecting the substrate of transis- 

Prior to the start of the operational cycle, te., at time 69 to the source of transistor 71, while the substrates 

0 in FIG. 4 anode 51' wiU have been charged to a ^^^j^ transistors 71 and 67 is connected in the 

voltage of Vcc- Vr volts by t^nastor 57. Conse- normal manner, each one to the source of its own tran- 

quentfy, when sigmd V^dnves cathode 49^ from 0 volts 40 .^^^ ^^^^ asymmetry is to cause the volt- 

to Vccvolts at tmie T,. anode 51 is also raised in poten- ^ ^^^^ ^^^^ .^^^ ^ ^ 

tal, and would reach a voltage of 2Vcc- Vrbut for the a^o„„^hag v^wc drop across each of the other 

fact that pass transistors 55 turns on, causing the charge f" • * ,^r^^ au f ^t^ZZ* 

on anode 5? to be shared with anode 51. During the MtorS B decreased by a small amomit 

next change of phase of the biphase signals, some of this 45 If weartatrarily caU 

charge is ^ansferred to the t^al Vcp through pass twitt^tor «9 2A. then the decrease m drop acrws each 

tran^tor53 of the other transistors is one half of this amount, or A. 

Terminal Vcpis connected to capacitor pUte line 19 Consequently, the voltage output from divider 39 at line 
in FIG. 2» such that this line is gradually pumped to a 

higher potential throughout the duration of the pump- 50 „ „ v « „ « * 
enabling signal VpEi;?. The limiting potential which can ni=[(»^c/-^tc/2)/3i+Kco^-A. 
be reachedH^g this pump design is 3Vcc-3Vr. Since f fZl^"" the description of FIG. 2 
Vrmay be up to 1.5 volt this pumping limit may be ^^h^ t'^T' ^^.^ <'^^^'^'° 
approximately 10 volts for a Vcc valueof 5. ^he gate of a transistor 77. The dram of transistor 77 is 
FIG. 5 shows, in schematic form, the details of a 55 coupled, through a current-regulating transistor 79, to 
circuit which realizes the functions of bleeder control ^CP on line 19 of FIG. 2. Transistor 79 serves as a non- 
circuit 27 in FIG. 2. FIGS. 5 and 6 are iUustrated as the linear current regulator haying a generally parabolic 
corresponding circuits which would be if formed using current-voltage characteristic. 

an n-well process technology. That is, n<hannel tiansis- A gate transistor 81 is connected with its dram to the 

tors are assumed to be formed directly in the p-sub- 60 source of transistor 77, and with its source to ground, 

strate, while p^shannel transistois, formed in an n-well The gate of transistor 81 receives the VpgR voltage on 

in the p-substrate, are illustrated including an arrow the line 46 and disables the bleeder 27 whenever charge 

symbolizing the n-well substrate. pump 37 is on. 

In all except one of the p^hannet transistors, the In FIG. 6, the circuitry for realizing the pump control 

n-weU substrate connects to the source electrode of the 65 circuit 29 fo FIG. 2 is shown. Primed reference num- 

same transistor, as shown in FIGS. 5 and 6. It wiU be bers indicate parts of FIG. 6 which correspond with 

understood, however, that the present invention is unprimed reference numbers in FIG. 5. The comparator 

equally applicable to devices utilizing p-well process 35 is very similar to the comparator 43 discussed above 
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with respect to FIG. 5» and differs only in the following 
respects: The common gate connection of p-channel 
transistors 55' anld 57' is connected to the dram of tran- 
sistor 61', and the comparator output line 65' connects 
to the drain of transistor 59'. S 
. Similarly, voltage divider 31 functions exactly like 
voltage divider 39 except that it is entirely symmetrical, 
such that the output voltage produced by divider 31 on 
line 33 is i of the voltage difference across the entire 
divider string plus Vcc/2, or: 10 

which agrees with the expression for this voltage above 
in the discussion of FIG. 2. 

The output of comparator 35 on line 65' goes low 15 
whenever V33 drops below Vref, and this low output is 
coupled through a driver transistor 73' to the com> 
monly connected gates of an inverting output pair of 
transistors R3 and 85. The high voltage on the common 
gate connection of these transistors turns transistor 83 20 
off, and transistor 85 on. As a result, the output voltage 
on the line 46 drops, initiating the active low VfER 
output signal on line 46. 

Although this invention has been described with 
some specificity in reference to embodiments thereof ^ 
which represent the best mode known to the inventors 
for carrying out their invention, many changes could be 
made and many alternative embodiments could thus be 
derived without departing from the scope of the inven- 
tion. Consequently, the scope of the invention is to be ^ 
determined only from the following claims. 

We claim: 

1. In a dynamic, randomly-accessible memory 
(DRAM) of the type employing capacitive memory 
elements, each of said memory elements having an 
anode and a cathode, wherein a bit-line, pre-charged to 
a predetermined voltage prior to sensing data in a mem- 
ory element, accesses the cathode of a memory element 
to sense the data therein, the anodes of all the capacitive ^ 
memory elements being connected in common to a 
capacitor-plate node, a capacitor-plate bias generator 
for establishing and maintaining a voltage on said 
capacitor-plate node, comprising in combination; 
charge pump means for pumping electrical charge 45 
into said capacitor-plate node, to thereby raise the 
potential of said node; 
charge bleeder means for bleeding charge from said 
capacitor-plate node, to thereby lower the poten- 
tifii of said node; 50 
a source of reference voltage; 
feedback control means for comparing the voltage of 
said capacitor-plate node to said reference voltage 
and for initiating operation of a selected one of said 
charge pump means and said charge bleeder means 55 
to maintain said capacitor-plate voltage within a 
preselected range of voltages; 
said feedback control means being formed of a pump 

control circuit and a bleeder control circuit; 
said pump control circuit including first voltage di- 60 
vider means for deriving a first control voltage 
having a known relationship with the voltage of 
said capacitor-plate node, fiist comparator means 
for comparing said first control voltage with said 
reference voltage and for producing in response to 65 
the difference ^erebetween a first error voltage, 
and pump drivers means responsive to said first 
error voltage for producing a pump-enabling signal 
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when said first control voltage is less than said 
reference voltage and 
said bleeder control circuit including second voltage 
divider means for deriving a second control volt- 
age having a known relationship with the voltage 
of said capacitor-plate node, second comparator 
means for comparing said second control voltage 
with said reference voltage and for producing in 
response to the difference therebetween a second 
error voltage, and bleeder means responsive to said 
second error voltage for producing a bleeding of 
charge from said capacitor-plate node when said 
second control voltage is greater than said refer- 
ence voltage. 

2. The apparatus of claim 1 wherein said bleeder 
control circuit further comprises bleeder gate means, 
connected to said pump control circuit to receive there- 
from said pump enabling signal and responsive thereto 
to disable said bleeder means when said pump is en- 
abled. 

3. The apparatus of claim 1 wherein said charge' pump 
means comprises: 

a pump clock for receiving a pump^nabling input 
signal and for generating in response thereto a 
complementary pair of biphase alternating output 



a fu^ capacitor having an anode, and having a cath- 
ode connected to receive a first of said biphase 
signals, and a second capacitor having an anode, 
and having a cathode connected to receive a sec- 
ond of said biphase signals; 

charging means to charge said capacitors and to pro- 
duce thereacross a voltage at each capacitor anode 
which is higher than the voltage at the capacitor 
cathode, 

coupling means to couple one of said capacitor an- 
odes to said capacitor-plate node whenever said 
one capacitor anode is at a voltage exceeding the 
voltage of said capacitor-plate node by a certain 
threshold voltage V7, and to decouple said one 
capacitor anode otherwise. 

4. The apparatus of claim 3 wherein the one of said 
capacitor anodes coupled to said capacitor-plate node is 
said ftfst capacitor anode, and wherein said coupling 
means further couples said second capacitor anode to 
said first capacitor anode whenever the voltage on said 
second capacitor anode exceeds the voltage of said first 
capacitor anode by Vr. 

5. The apparatus of claim 1 wherein said first and 
second control voltages differ. 

6. The apparatus of claim 5 wherein said second con- 
trol volta^ is less than said fust control voltage by a 
fixed deviation voltage A. 

7. The apparatus of claim 5 wherein said first voltage 
divider means comprises a first series string of a plural- 
ity of n FET transistors, where n is an integer having a 
value of 2 or greater, each of said transistors in said fu^t 
series string having a source, a drain, a gate, and a sub- 
strate connected to its source, and wherein said second 
voltage divider means comprises a second series string 
of a plurality of n FET transistors, where n is an integer 
having a value of 2 or greater, each of said transistors in 
said second series string having a source* a drain, a gate, 
and a substrate, one of said transistors in said second 
string having its substrate connected to a circuit node at 
a potential different from the potential of its source. 

8. The apparatus of claim 1 wherein said reference 
voltage tracks variations in said predetermined voltage. 
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whereby said capacitor-plate bias generator m ai nt ai n s 
said capacitor-plate node at a voltage which also tracks 
variations in said predetermined voltage. 

9. The apparatus of claim & wherein said capacitor- 
plate bias generator mniti tflins said capacitor-plate node S 
at a voltage which consists of a constant voltage and 
said predetermined voltage. 

10. The apparatus of cUim 9 wherein said constant 
voltage is 3 Vsc where Vbg is the bandgap voltage of 
silicon. 

11. The apparatus of claim 8 wherein said reference 
voltage consists of a constant voltage component and 
said predetermined voltage. 

12. The apparatus of claim 11 wherein said constant 
voltage component is VaGf the bandgap voltage of 13 
silicon. 

13. The apparatus of claim 11 wherein said predeter- 
mined is Vcc/2 volts, where Vccis the conunon circuit 
supply voltage, and wherein said reference-voltage 
source comprises: ^ 

voltage means, connected to said common circuit 
supply voltage Vcc» for producing a voltage 
Wcch equivalent to said predetermined; 

voltage generator means for receiving said Vcc/2 
. voltage from said voltage divider means, for gener- 
ating a constant voltage component, and for com- 
bining said Vcc/2 voltage and said constant volt- 
age component to produce an output reference 
voltage. 

14. The apparatus of claim 13 wherein said voltage ^ 
generator means generates a constant voltage compo- 
nent Vbg which is the bandgap voltage of silicon, and 
combines said Wcc/2 and Vbg voltages to produce an 
output reference voltage V/i£|rdefmed as: 

15. The apparatus of claim 14 wherein said capacitor- 
plate bias generator maintains said capadtor-plate volt- 
age Vc/» at a value of ^ 

where A is a deviation from SV^c+VCC/l. 

16. In a dynamic, randomly-accessibly memory 45 
(DRAM) of the type employing capacitive memory 
elements, each of said memory dements having an 
anode and a cathode, wherein a bit-line, pre-charged to 

a predetermined voltage prior to sensing of data in a 
memory element, accesses the cathode of a memory SO 
element to sense the data therein, the anodes of all the 
capacitive memory elements being connected in com- 
mon to a capacitor-plate node, a capacitor-plate bias 
generator for establishing and maintaining a voltage on 
said capacitor-plate node, comprising in combination: 55 
charge pump means for pumping electrical charge 
into said capacitor-plate node, to thereby raise the 
potential of said node; 
charge bleeder means for bleedmg charge from said 
capacitor-plate node, to thereby lower the poten- 60 
tial of said node; 
reference-voltage-generating means for generating a 
reference voltage consisting of a constant voltage 
component and said predetermined voltage 
feedback control means for comparing the voltage of 65 
said capadtor-plate node to said reference voltage 
and for initiating operation of a selected one of said 
charge pump means and said charge bleeder means 
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to maintain said capacitor-plate voltage within a 
preselected range of voltages; 

said feedback control means being formed of a pump 
control circuit and a bleeder control circuit; 

said pump control circuit including first voltage di- 
vider means for deriving a first control voltage 
having a known relationship with the voltage of 
said capacitor-plate node, fu^t comparator means 
for comparing said first control voltage with said 
reference voltage and for producing in response to 
the difference therebetween a first error voltage, 
and pump driver means responsive to said first 
error voltage for producing a pump-enabling signal 
when said first control voltage is less than said 
reference voltage; and 

said bleeder control circuit including second voltage 
divider means for deriving a second control volt- 
age having a known relationship with the voltage 
of said capacitor-plate node, second comparator 
means for comparing said second control voltage 
with said reference voltage and for producing in 
response to the difference therebetween a second 
error voltage, and bleeder means responsive to said 
second error voltage for producing a bleeding of 
charge from said capacitor-plate node when said 
second control voltage is greater than said refer- 
ence voltage. 

17. The apparatus of claim 16 wherein said constant 
voltage component is Vsa the bandgap voltage of 
silicon. 

18. The apparatus of claim 16 wherein said bleeder 
control circuit further comprises bleeder gate means, 
connected to said pump control circuit to receive there- 
from said pump enabling signal and responsive thereto 
to disable said bleeder means when said pump is en- 
abled. 

19. The apparatus of claim 16 wherein said capacitor- 
plate bias generator maintains said capacitor-plate node 
at a voltage which consists of a constant voltage and 
said predetermined voltage. 

20. The apparatus of claim 19 wherein said constant 
voltage is 3V^g> where Vbg is the bandgap voltage of 
silicon. 

21. The apparatus of claim 16 wherein said predeter- 
mined voltage is Vcc/2 volts, where Vcc is the com- 
mon circuit supply voltage, and wherein said reference- 
voltage source comprises: 

voltage divider means, connected to said common 
circuit supply voltage Vcc, for producing a volt- 
age Vcc/2 equivalent to said predetermined volt- 
age; 

voltage generator means for receiving said Vcc/2 
voltage from said voltage divider means, for gener- 
ating a constant voltage component, and for com- 
bining said Vcc/2 voltage and said constant volt- 
age component to produce an output reference 
voltage. 

22. The apparatus of claim 21 wherein said voltage 
generator means generates a constant voltage compo- 
nent Vbg which is the bandgap voltage of silicon, and 
combines said Vcc/2 and Vbg voltages to produce an 
output reference voltage V^^ff defined as: 

23. The apparatus of claim 16 wherein said charge 
pump means comprises: 
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a pump clock for receiving a pump-enabling input 
signal and for generating in response thereto a 
complementary pair of biphase alternating output 

signals; 

a first capacitor having an anode, and having a oath- 5 
ode connected to receive a first of said biphase 
signals, and a second capacitor having an anode, 
and having a cathode connected to receive a sec- 
ond of said biphase signals; 

charging means to charge said capacitors and to pro- 10 
duce thereacross a voltage at each capacitor anode 
which is higher than the voltage at the capacitor 
cathode; 

coupling means to couple the first capacitor anode to 
said capacitor-plate node whenever said first ca- 15 
padtor anode is at a voltage exceeding the voltage 
of said capacitor-plate node by a certain threshold 
voltage Vr. and to couple the second capacitor 
anode to said first capacitor anode whenever the 
voltage on said capacitor anode exceeds the volt- 20 
age of said first capacitor anode by Vj-. 

24. The apparatus of claim 23 wherein said first voh- 
age divider means comprises a first series string of a 
plurality of n FET transistors, where n is an integer 
having a value of 2 or greater, each of said transistors in 25 
said first series string having a source, a drain, a gate, 
and a substrate connected to its source, and wherein 
said second voltage divider means comprises a second 
series string of a plurality of n FET transistors, where n 

is an integer having a value of 2 or greater, each of said 30 
transistors in said second series string having a source, a 
drain, a gate, and a substrate, one of said transistors m 
said second string having its substrate connected to a 
circuit node at a potential different from the potential of 
its source. 35 

25. In a dynamic, randomly-accessibly memory 
(DRAM) of the type employing capacitive memory 
elements, each of said memory elements having an 
anode and a cathode, wherein a bit-line, pre-charged to 

a predetermined voltage prior to sensing data in a mem- 40 
ory element of Vco^ where Vcc is a common circuit 
supply voltage, accesses the cathode of a memory ele- 
ment to sense the data therein, the anodes of all the 
capacitive memory elements being connected in com- 
mon to a capadtor^late node, a capacitor-plate bias 45 



generator for establishing and maintaining a voltage on 
said capacitor-plate node, comprising in combination: 

charge pump means for pumping electrical charge 
into said capacitor-plate node, to thereby raise the 
potential of said node; 

charge bleeder means for bleeding charges from said 
capacitor-plate node, to thereby lower the poten- 
tial of said node; 

reference-voltage-generating means for generating a 
reference voltage consisting of a Wbg the bandgap 
voltage of silicon, and said predetermined voltage 
Veen; and, 

feedback control means for comparing the voltage of 
said capacitor-plate node to said reference voltage 
and for initiating operation of a selected one of said 
charges pump means and said charge bleeder 
means to maintain said capacitor-plate voltage at a 
voltage of substandally Vcc/2 and a constant volt- 
age of SVfic; 

said feedback control means including: 

a pump control circuit comprising: 

first voltage divider means for deriving a first control 
voltage having a known relationship with the volt- 
age of said capacitor-plate node; 

first comparator means for comparing said first con- 
trol voltage with said reference voltage and for 
producing in response to the difference therebe- 
tween a first error voltage; 

pump driver means responsive to said first error volt- 
age to produce a pump-enabling signal when said 
first control voltage is less than said reference volt- 
age 

a bleeder control circuit comprising: 

second voltage divider means for deriving a second 
control voltage having a known relationship with 
the voltage of said capacitor-plate node; 

second comparator means for comparing said second 
control voltage with said reference voltage and for 
producing in response to the difference therebe- 
tween a second error voltage; 

bleeder means responsive to said second error voltage 
to produce a bleeding of charge from said capaci- 
tor-plate node when said second control voltage is 
greater than said reference voltage. 

* • • « • 
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[57] ABSTRACT 

A monolithic integrated circuit containing an inver- 



ting/non-inverting voltage doublet charge pump circuit 
is disclosed for converting a unipolar supply voltage to 
a bipolar supply voltage of a greater magnitude. The 
unipolar input voltage is placed across a first external 
transfer capacitor by a first set of MOS switches during 
a first time period. The unipolar input voltage source is 
placed in series with the first transfer capacitor and this 
series combination of voltages is placed across a first 
external reservoir capacitor by a second set of MOS 
switches during a second time period. The voltage ap- 
pearing across the first external reservoir capacitor is 
placed on a second transfer capacitor during the first 
time period by a third set of MOS switches. The voltage 
across the second transfer capacitor is placed into a 
second external reservoir capacitor with its polarity 
inverted by a fourth set of MOS switches during the 
second time period. A dual-collector lateral junction 
transistor, formed during the conventional CMOS pro- 
cessing steps used to fabricate the MOS switches, is 
connected as voltage clamp between a ground potential 
and the two bipolar DC output lines of the power sup- 
ply circuit to assure correct start-up conditions for the 
conduit Gain reduction devices are placed in the semi- 
conductor substrate to collect minority carriers which 
would otherwise be injected into inherent parasitic four 
layer PNPN junction devices created as a result of the 
architecture of the circuit, to prevent latch-up of the 
four layer devices. In a preferred embodiment, an RS- 
232 receiver and transmitter are contained on the same 
monolithic integrated circuit as the dual charge pump 
power supply. 
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cause the additional components required to generate 
INTEGRATED DUAL CHARG E PUM P POWER such voltages take up a rdaiively large amount of cir- 
SUPPLY AND RS-232 TRANSMIITER/RECEIVER cuit board real estate, and often are power inefficient, 

i.e., heat producing. 

This is a continuation of application Ser. No. 013.648, 5 The industry has recently turned its attention to at- 
filed May 12. 1987, now abandoned, which was a con- tempts to furnish auxiliary power supplies of the nature 
tinuation of application Ser. No. 782,953, filed Oct 1, herein described on a sin^e semiconductor substrate. 
1985. now U.S. Pat No. 4.636,930. Such circuits have the obvious advantages of space 

BACKGROUND OF THE INVENTION saving, assembly labor savings, ajsd relatively lower 

»/vwxwwiv\^ui^&^ *i power dissipatton. A form of such circuits known as 

1. Field of the Invention charge pumps have been used in semiconductor mem- 
The present invention pertains to charge pump power ory chips to produce a crude back bias supply and for 

supplies for generating bipolar output voltages greater . supplying the higher voltages needed to program such 
in magnitude than a single unipolar input voltage. More memory devices. Charge pump circuits have been used 
particularly, the present invention pertains to the inte- 15 in the inverting mode to produce voltage polarities 
gration of such a circuit on a single piece of semicon- opposite to that of the supply voltage from which they 
ductor substrate material. Further, the invention per- are generated. An example of such a circuit is found in 
tains to other circuitry integrable on a single piece of the product designated ICL 7660, a power supply cir- 
semiconductor substrate material along with such a cuit manufactured by the assignee of the present inven- 
power supply circuit 20 tion. 

2. Prior Art The efforts to design and implement a bipolar charge 
Discrete component voltage doubler and voltage pump integrated circuit have met with several obstacles 

inverter circuits are well known in the art Such circuits which result from the inherent nature of the integration 
are used in many electronic systems which require a process and the fabrication process which are used to 
multiplicity of DC voltages for operation. More re- 2S manufacture these devices. It is well known to those in 
cently, in the context of digital circuits and systems, it the art that when MOS or CMOS circuits are integrated 
has become common to employ a single five volt unipo- onto a single semiconductor substrate, the chip layout 
lar voltage supply to power digital circuitry in modem geometry and architecture inherently produce parasitic 
data processing systems. For example, semiconductor junction devices. These devices include junction biodes, 
microprocessors, memories, and logic all conmionly 30 bipolar transistors, and PNPN four layer diode devices, 
operate from a single five volt power supply. There are similar to silicon controlled rectifier (SCR) devices, 
however, certain interface circuits and other special The existence of these parasitic devices has created 
purpose circuits which require voltages other than five difficulties in the design and fabrication of dual polarity 
volts. More particularly, some circuits require voltages charge pump power supply circuits. When forward 
in the ranges of from five to fifteen volts. Additionally, 35 biased, the aforementioned four layer diode device will 
requirements often exist for bipolar power supply volt- cause a CMOS circuit to experience a phenomenon 
.ages so that voltage power requirements of plus or known as latch-up. Latch-up is a phenomenon common 
minus 15 volts and plus or minus 12 volts are commonly to CMOS circuts whereby the circuit can be triggered 
encountered, for example in RS-232 communication into a low impedance conducting state by forward bias- 
loops. 40 ing an inherent four layer diode device in the circuit. 

For these communicaton circuits and other applica- This four layer diode may be triggered by various 
tions, bipolar DC power requirements are low when means into a low voltage, low impedance state. When 
. compared to the digital circuitry power requirements. this occurs, operation of the circuit is inhibited and 
In fact it is common to encounter five volt unipolar possible damage may occur to the circuit if there is no 
power supplies for driving digital logic rated in tens or 45 inherent current limiting designed into the circuit, 
hundreds of watts whereas mterface and other power Another problem inherent in the design of dual polar- 
requirements may be as low as tens or hundreds of ity charge pump inverter circuits is the difficulty of 
milliwatts. assuring correct start-up of the circuit. The conditions 

It is therefore often desirable to generate locally the existing in the semiconductor material at the time of 
various non-primary voltage sources, i.e., the bipolar 50 start-up may randomly produce states which prevent 
voltage sources, if the power requirements are not high such a circuit from ever starting up to produce the 
and if it can be done economically and with relatively desired output voltages. In the past, elaborate systems 
high electrical power conversion efficiencies. and considerable extra circuitry has been designed into 

For an example, a minicomputer may have a 100 watt such circuits in an attempt to avoid this problem. 
S volt power supply which supplies all of the reauire- SS 

ments for a multiplicity of printed circuit boards hold- ^^^^^ DESCRIPTION OF THE INVENTION 
ing logic integrated circuits. On one of those integrated The present invention consists of a CMOS inverting 
circuit boards, there will often be an RS-232 digital and non-inverting charge pimip power supply inte- 
interface circuit requiring a plus or minus 10 or plus or grated into a single piece of semiconductor substrate 
minus 15 volt power supply. This interface circuit may 60 material. An inherent lateral bipolar transistor formed 
consume 50 milliwatts of power. Instead of generating during the CMOS fabrication process is utilized to al- 
the plus and minus 15 volt power supply from the main ways assure the correct operating conditions which wU 
power supply and then bussing these voltages to the allow start-up of the circuit. In addition, the inherent 
boards which require them, it is often more economical four layer diode devices which are created during the 
to generate these two voltages from the bussed five volt 65 fabrication of the circuit are identified during the geom- 
power supply locally on whatever board needs other etry layout process which defines the locations on the 
voltages. However, generating such voltages by the use semiconductor substrate where the various devices will 
of discrete components is often disadvantageous be* be placed, and extra minority charge collector regions 
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are placed in the semiconductor substrate to collect switches 14 and 16 while switches 18 and 20 remain 

injected minority charge carriers and prevent the possi- open during a first phase. During a second phase 

bility of triggering the inherent four layer PNPN junc- switches 14 and 16 are open and switches 18 and 20 are 

tion into a low impedance conducting or latch-up mode. closed. 

Another aspect of the present invention is the integra- 5 As can be seen from FIG. l(fl), when switches 18 and 

tion, on a single piece of semiconductor substrate mate- 20 are closed during the second phase the voltage 

rial* of an inverting charge pump power supply, a non- source 12 is effectively placed in series with the voltage 

inverting charge pump power supply, and a combina- stored across reservoir capacitor 10 and thus the sum of 

tion of RS-232C receivers and transmitters. Combina- the voltage across voltage source 12 and capacitor 10 is 

tion of RS-232C transmitters and receivers may consist 10 placed across reservoir capacitor 22. 

of at least one transmitter together with either zero or The inverting portion of the voltage doubler circuit 

any number of receivers. operates as follows: transfer capacitor 24 is charged to 

BttTEFnPsCRiPTiONnFTmsnRAwiNOS ^^^^ reservoir capacitor 22 via the 

BRIEF DESCRIFnON OF THE DRAWINGS switches 26 and 28 which are closed during the first 

FIG. l(o) is a simplified schematic diagram of the IS phase of operation of the circuit while switches 30and 

charge pump circuit of a preferred embodiment of the 32 remain open. During the second phase of circuit 

present invention. operation switches 26 and 28 are opened and the volt- 

FIG. l{b) is a schematic diagram of the charge pump age across transfer c^acitor 24 is placed on reservoir 

circuit of FIG. 1(a) wherein the switches are replaced capacitor 34 via the closing of switches 30 and 32. 

by MOS transistors. 20 Those of ordinary skill in the art will note that the 

FIG. 2 is a gate drive circuit suitable for operating circuit configuration is such that when the voltage 

driving the gates of the charge pump circuit of FIG. across transfer capacitor 24 is places across reservoir 

1(6). ' capacitor 34 the positive end of transfer capacitor 24 is 

FIG. 3 is a schematic diagram of a preferred embodi- connected to ^und line 36 through switch 32 and the 

ment of the present invention further showing the sub- 25 negative end of capacitor 24 is connected to the side of 

strate connections of the MOS devices and a PNP lat- reservoir capacitor 34 connected to — 2Vcc output line 

eral junction device for assuring the correct start-up 38. The polarity of the voltage across reservoir capaci- 

condttions of the charge pump circuit tor 34 with respect to ground line 36 is thus such that 

FIG. 4 is a semiconductor substrate profile dra>ving the voltage across reservoir capacitor 34 is negative, 

of NPN lateral transistor suitable for use in the present 30 The output of reservoir capacitor 22 is connected to 

invention. +2Vcc output line 40. 

FIGS. 5(0) and S(b) arc respectively a schematic The first and second phases of circuit operation de- 
representation of a four layer device and a semiconduc- scribed above are repeated at a frequency which may 
tor substrate profile drawing of such a device showing range from approximately 100 hertz to 100*s of kilo- 
the MOS geometry which inherently creates such as 35 hertz or higher. It has been found that a frequency of 
device. approximately 15 KHz performs satisfactorily for the 

FIG. 6(a) is a schematic diagram of a four layer de- purposes of the present invention, 

vice having extra P region collectors, suitable for use in TTie foregoing represents an idealized characteriza- 

the present invention. tion of the operation of the circuit of FIG. l(fl). Those 

FIG. 6(d) is a substrate profile drawing of a four layer 40 of ordinary skill in the art will readily realize that it will 

device suitable for use in the present mvention having take several first and second phase cycles before the 

extra minority charge carrier collectors for preventing ' resultant voltage between ground terminal 36 and 

latch-up showing the relative placement of such charge -f 2Vcc output terminal 40 actually reaches a voltage 

collectors. value of -|-2Vcc. likewise, it will be appreciated that 

FIG. 7 is a' block diagram of an embodiment of the 45 several cycles are also needed for the voltage between 

present invention includmg a dual integrated charge ground terminal 36 and — 2Vcc output terminal 38 

pump.power supply and a RS-232C receiver and trans- arrives at a voltage of — 2Vcc. 

nutter. Those of ordinary skill in the an will also realize that 

DESCRIFnON OF A PREFERRED „ ™ jZr,L°l^f^f'^Si^'*l^''H^jSl^^^ 

EMRODTMFNT output Of the circmt of FIG. 1(a) depends on the rela- 

cmau uvuiwi five sizes of transfer capacitors 10 and 24 and reservoir 

Referring first to FIG. 1(a), simplified conceptual capacitors 22 and 34, as well as the on impedance of 
schematic drawing of the basic charge pump circuit of switches 14, 16, 18, M, 26, 28, 32 and 30. 
the present invention, the circuit of the present inven- It will also be apparent that the voltage appearing 
tion operates by placing an input voltage upon one of 55 between output terminals 36 and 38 or 36 and 40 will be 
two transfer capacitors via a series of switches. The approximately twice the input voltage supplied by volt- 
charge in that capacitor is then transferred to one of age source IZ Those of ordinary <tiriii in the art will 
two reservoir capacitors. The polarity of the voltage is appreciate that other multiples of the input voltage Vcc 
established via the switch interconnecting scheme. at voltage source 12, are readily achievable using the 

More specifically, the operation of the circuit of FIG. 60 concept of the present invention. 

1(a) is time-divided into two segments, or phases. In a Turning now to FIG. 1(6), it is seen that in an actual 

first phase, voltage from a voltage source is placed on embodiment of the present invention switches 14, 16, 

transfer capacitors. During a second phase the voltage 18. 20, 26, 28, 30 and 32 have been replaced with MOS 

on the transfer capacitors is transferred to the reservoir transistors. Thus, switch 14 is replaced by P-channel 

capacitors. 65 MOS transistor 14(c), switch 16 is replaced by N-chan- 

Referring first to the positive voltage doubler portion nel MOS transistor 16(a), switch 18 is replaced by P- 

of the circuit, transfer capacitor 10 is charged from channel MOS transistor 18(a), switch 20 is replaced by 

voltage source 12 (having a value Vcc) by closing P-channel MOS transistor 20(a), switch 26 is replaced 
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by P-channel MOS transistor 26(a), switch 28 is re- 
placed by N-channel MOS transistor 28(a), switch 30 is 
replaced by N-channel MOS transistor 30(a). switch 32 
is replaced by N-channel MOS transistor 32(a). 

The time controlled operation of the circuit of FIG. 5 
1(6) is implemented by phase coontrol unit 42. Phase 
control unit 42 drives all of the gates of the MOS de- 
vices, 14(a), 16(a), 18(a), 20(a), 26(a). 28(a ), 30(a) , and 
32(a) via gate control lines 44 and 46. Gate control lines 
44 and 46 are connected to the gates of the P-channel 10 
MOS transistors and N-channel MOS transistors, used 
as MOS switches, such that the switches are turned on 
and off appropriately as described herein during the 
first and second phases of the circuit operation. 

Those of ordinary skill in the art will readily appreci- 
ate that, in order to insure efficient power transfer, that 
switching of MOS switching devices should be accom- 
plished on a break before make basis or, at worst case, 
on a simultaneous switching basis. Those of ordinary 
skill in the art will also realize that the order of phases 
could be reversed. Alternatively, a first clock could be 
used to control the sets of MOS switches controlling 
transfer capacitor 10 and reservoir capacitor 22, and a 
second clock could be used to control the sets of MOS 
switches controlling transfer capacitor 24 and reservoir 
capacitor 34. 

It should be understood for purposes of this disclo- 
sure, that all of the capacitors shown in FIGS. 1(a) and 
l{b) would be located outboard of the integrated circuit ^ 
in an actual embodiment That is, these capacitors are 
external components which connect to the integrated 
MOS switches on the semiconductor substrate via ter- 
minals provided on the semiconductor substrate for that 
purpose. For an operating frequency of IS KHz, 20 35 
microfarads is a sufficient size for all capacitors. Those 
of ordinary skill in the art will readily appreciate that as 
the switching frequency is increased the values of the 
capacitors will drop, but that switching losses will in- 
crease due to the changing to discharging at the clock ^ 
rate of its parasitic nodal capacitances in the MOS de- 
vices. Conversely, as the switching frequency de- 
creases, the size of the capacitors would increase, with 
the concomitant disadvantage that the increasing capac- 
itor size is accompanied by increasing physical size of 45 
the capacitors. 

For a current capacity of 10 milliampere at -h 10 volts 
and — 10 volts, the MOS switching devices should have 
a channel width to channel length ratio of SOOO to 
10,000» with channel lengths of appro3umately five mi- so 
crons. Those of ordinary skill m the art wiU recognize 
that the range of current output of the circuit described 
herein could be as large as approximately one ampere, 
however, the MOS devices would have to be scaled 
accordingly as is well known in the art 55 

Referring now to FIG. 2, an embodiment of the phase 
control unit 42 of the present invention, the operation of 
phase control unit 42 is disclosed. Those of ordinary 
skill in the art will recognize that phase control unit 42 
may consist of three conventional CMOS inverter cir- 60 
cuits each comprised of a P-channel and N-channel 
MOS transistor pair. The embodiment of FIG. 2 con- 
tains a first CMOS inverter comprised of P-channel 
MOS transistor 44 and N-channel MOS transistor 46, 
the inverter comprised of P-channel MOS transistor 48 65 
and N-channel MOS tranastor 50, and the inverter 
comprised of P-channel MOS transistor 52 and N- 
cbanne MOS transistor 54. 
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These three inverter pairs are driven by oscillator 56, 
which may be any conventional oscillator configured 
from CMOS elements as is well known to those skilled 
in the art.- 

The circuit of FIG. 2 is powered by +2Vcc and 
— 2Vcc lines 36 and 40. This assures that the voltage 
swing on gate tines 44 and 46 will span approximately 
the entire power supply range, thus ensuring that all of 
the gates of the P-channel and N-channel devices which 
they drive will be as fully turned on as possible and can 
be turned off since all transistors and enhancement 
types. This will guarantee as low an on-state impedance 
of the MOS switches as possible thus maximizing the 
efficiency and current drive capabilities of the present 
invention. 

In the illustration of a preferred embodiment of the 
present invention depicted in FIG. 1(a), the substrate 
connections of the MOS devices are shown uncommit- 
ted. Those of ordinary skill in the art will realize that 
junction isolated MOS transistors such as used in FIG. 
l(p) are four-terminal devices and that both the gate 
terminal and the substrate terminal are control termi- 
nals. The turn-on voltage of the gate terminal is affected 
by the reverse bias on the substrate to source junction. 
As that reverse bias is increased, the turn on voltage of 
the device also increases. The affect is significantly 
greater for an N-channel transistor than a P-channel 
transistor. 

As the substrate-to-source voltage increases the gate 
turn voltage of the device also increases, thus poten- 
tially increasing the on resistance of the device to a 
pomt where circuit operation could be seriously ef- 
fected. Since, in a circuit of this nature, the drain-source 
resistance in the on state should be as low as possible, it 
is desirable to connect each N-channel MOS transistor 
substrate to its source. 

With respect to P-chaimel transistors the effect of this 
reverse substrate source biasing is about half of that for 
N-channel MOS transistors due to lighter channel im- 
purity doping densities. The most practical solution in 
the case of the P-channel MOS transistors is to connect 
all P-channel substrates to the most positive voltage in 
the circuit. That voltage is, as seen from FIG. 1(a) 
+2Vcc which appears on positive supply line 40. These 
connections are shown in respect to FIG. 3. 

Prior to start-up, it is reasonable to assume that zero 
voltage exists on all capacitors. At start-up, reservoir 
capacitor 22 may be connected to ground line 36 or to 
— 2Vcc line 38. Resjcrvoir capacitor 22 will be immedi- 
ately charged with the source subsuate diodes of P- 
channel MOS transistors 14(a) and 18(a) to a voltage of 
approximately Vcc —0.6 of a volt. The voltage on 
reservoir capacitor 34 could lie somewhat between 
ground line 36 and the voltage on reservoir capacitor 
22; depending which of transistors 26(a), 28(a), 30(a) or 
32(a) were conducting (if any). This results in a voltage 
on the -2 Vcc line that could be such that N-channel 
transistor 16(a) and other transistors being turned on. 
Under these conditions, a voltage between +2 Vcc and 
-2Vcc drives the gates of all of the output transistors 
and is indeterminate. Thus both start-up and operation 
is not assured. 

If the other possible start-up conditions of the capaci- 
tor and MOS device connections and off/on states are 
assumed, those of ordinary skill in the art will readily 
appreciate that the start-up and operation of the circuit 
of FIGS. 1 and 2 is not assured. 
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The solution to this dilemma is to place a clamp on serves as the miwanted, but inherent vertical collector 
the -2Vcc line 38 to clamp that voltage line to assure of NPN lateral transistor 58. 

that it will never assume a voltage substantially more When the base emitter junction of lateral NPN tran- 
positive than that appearing on ground line 36. The- sistor 58 is forward biased, minority carriers injected by 

+2Vcc line 40 is also clamped so that it wOl never S the emitter into the base are collected by both the verti- 

assume a voltage substantially more negative than the cal and lateral collectors in roughly equal amounts, 

voltage Vcc on approximately Vcc —0.6 volts. Connecting the lateral collectors to the common base 

While those of ordinary skill in the art will realize reduces the vertical collector current to approximately 

that, conceptually, a diode would be an ideal clamping i of the clamp current If a vertical NPN transistor had 

means for the — 2Vcc line 38, it is not possible to fabri- 10 been used alone» the clamp current (base current) would 

cate a simple PN junction diode in a MOS process. A be multiplied by the beta (approximately SCO of the 

junction transistor will always be created by an attempt device) thereby wasting large amounts of current, 

to ftbricate a diode. The presence of such a transistor in Referring now to FIGS. 1(b) and 3, during start-up 

the circuit of FIG. 1(6) would cause excess wasted reservoir capacitor 22 is charged by the forward biased 

current to flow in the circuit, because of its beta or IS condition of the source-substrate diodes 59(o) and 59(6) 

current gain. of P-channel device 14(a) and the dram substrate diode 

In a preferred embodiment of the present invention, of P-channel device 18(a). The initial current surge 

this clamp is comprised of a lateral NPN transistor. This through these diodes can be hundreds of milliamperes 

lateral NPN transistor is shown in FIG. 3. The lateral and thys be well above the holding current of the inher- 

collector and base of this device are both connected to 20 ent SCR type four layer diode device which exists in the 

—2 Vcc line 38, its vertical collector connected to circuit 

+2 Vcc. The lateral collector serves to minimize the Such a four layer device is schematically represented 
effective ciurent gain of the unwanted but inherent in FIG. 5(a). Referring to FIG. 5(a), it is seen that the 
vertical collector of NPN transistor' 58, which would four layer device is made up of PNP transistor 72, NPN 
otherwise cause excess current flow from the +2Vcc 25 transistor 74, resistor 76, and resistor 78. Resistor 76 is 
line through ground. Unless the — 2Voc line 38 exceeds connected across the base-emitter junction of PNP tran- 
ground by approximately 0.6 of a volt in the positive sistor 72 while resistor 78 is connected across the base- 
direction, this device will not conduct current If the emitter junction of PNP transistor 74. The base of NPN 
-2Vcc Ime equal approximately 0.6 volts, the device transistor 74 is connected to the collector of PNP tran- 
tums on and current will flow in approximately equal 30 sistor 72 and the base of PNP transistor 72 is connected 
portions through both collectors to maintain the to the collector of NPN transistor 74. The connection of 
— 2Vcc line at no greater than zero plus approximately the emitter junction of PNP transistor 72 and rector 76 
0.6 volts. form the anode connection 78 of the four layer device 
With respect to the clamp for +2Vcc line 40, tiie and the intersection of resistor 78 and the emitter of 
action of the inherent junction diodes 59(a) and 59(d) 3S NPN transistor 74 form the cathode connection 80 of 
present between the drain and substrate of devices 14(a) the four layer device. 

and 18(a) serve to clamp the +2 Vcc line to a voltage no As will be appreciated by those of ordinary skill in 

more negative than the input positive supply voltage the art, the four layer device shown in FIG. 5(a) will 

Vcc minus approximately 0.6 volts. enter a low impedance state between its anode 80 and 

Conseqiientiy the voltages on +2Vcc line and 40 cathode 82 after suitable trigering if the product of the 

— 2Vcc line are both well defined. Additionally the betas of the two equivalent transistors is greater than 

voltage difference between +2Vcc Une 38 and -2Vcc one and the anode current into the four layer device is 

line 40 at start-up is (Vcc —1.2) volts and is also well greater than the turn on voltage of either transistor 

defined. This value of voltage is sufilcientiy large to divided by its equivalent base emitter shunting resistor, 

guarantee operation of the drive circuitry for the gates 45 whichever is greatest 

of the output transistors until the charge pumps c^irge Referring now to FIGS. 3, 5(a) and 5(6), it will be 

the lines + 2Vcc (40) and -2Vcc (38) to those voltages. apparent to those of ordinary skill *m the art that such a 

The lateral NPN transistor used to clamp — 2Vcc line four layer device occurs in the circuit of FIG. 3. The 

38 is fabricated using conventional CMOS fabrication sources of cither of P-channel devices 14(a) and 18(a) 

techniques. For a current drain of plus and minus 10 mA SO (shown diagrammatically as P region 84 in FIG. 5(6)) 

at 10 volts, the periphery of the emitter for the lateral represent the emitter of PNP transistor 72 of FIG. 5. 

NPN transistor can typically be 100 microns. Those of The semiconductor substrate 60 forms the base of PNP 

ordinary skill in the art will appreciate that the size of transistor 72 as well as the collector of NPN transistor 

this device may be scaled to accommodate larger cur- 74. P-well 86 forms the collector of PNP transistor 72 as 

rent carrying requirements, and its periphery need not 55 well as the base of NPN transistor 74. The source of 

be larger than 1000 microns. either of N<hannel transistors l^a) and 32(a), one of 

Referring now to FIG. 4^ a substrate profile drawing which is shown as N region 88 of FIG. 5(6), forms the 

of a dual collector lateral NPN transistor 58, that tran- emitter of NPN transistor 74. Resistor 76 is formed by 

sistor 58 is fabricated on a portion of the lightly doped the bulk resistance of the P-well 86. Ukewise, the resis- 

N type substrate material 60 in a P-well 62. P-well 62 is 60 tor 78 is formed by the bulk resistance of the substrate 

placed into substrate 60 using common CMOS process- material. Those skilled in the art will note that regions 

ing techniques. N region 64 serves as the emitter of the such as P region 90 in P-well 86 and N region 92 in 

lateral NPN transistor, and is surrounded by N region substrate 60 serve as low resistance surface planes com- 

66 which serves as the lateral collector. P region 68 in monly used in CMOS technology to buss supply volt- 

P-well 62 serves as the base contact, it being understood 65 ages to the surfaces of substrate and P-wells. 

by those skilled in the art that P-well 62 itself serves as In order to trigger the four layer device into its low 

the base of lateral NPN transistor 58. N-region 70 lo- impedance state, oirrents must be injected into the base 

cated m a region of substrate 60 outside of P-well 62 of either of transistors 72 or 74, either the P-well 86 or 
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the substrate 60. These currents must be greater than strate 60 forms the collector of NPN transistor 106, as 
the holding current required for the four layer device. well as the base of PNP transistor 112. 
This condition can occur by various means. For exam- Contact 126, contacting P region 128 is at Vcc poten- 
ple, a very rapid rate of increase in the anode-cathode tial. P region 128 may be either the source of P channel 
voltage will force current into the bases of transistors 72 5 MOS transistor 14(a) or the drain of P-channel MOS 
and 74 due to the charging of the collector-base junc- transistor 18(o) from FIGS. 1 and 3. P region 128 forms 
tion capacitors inherent in those devices. Alternatively, the emitter of PNP transistor 108. 
forward biasing of a region in the substrate junction P regions 130(a) through 130(e), in substrate 60, form 
adjacent to the P-well 86 and P-region 84 forming the the multiple collectors of P^fP transistor 108 (shown at 
emitter of transistor 72 could induce base currents to 10 114 in FIG. 6(a)). Multiple collectors 130(a) through 
flow in transistor 72 and 74 suiTicient to exceed holding 130(e) are connected together at the surface of the semi- 
current values. Either of these conditions could occur at conductor substrate 60 by layer 132 which may be made 
start-up of the circuit of FIG. 3. aluminum and fabricated during the metalization step 

In order for the inverting doubler charge pump cir- conventional CMOS fabrication process. N regions 

cuit of the present invention to reliably operate, it is ^^^) through 134(<0, disposed in between P regions 

necessary to assure that this possible iatch-up condition ^^^(o) through 130(e) are used for the purpose of mak- 

can never occur. One method which is used in some "^8 * impedance contact between the +2 Vcc line 

CMOS circuits to inhibit the possibility of latch-up substrate. P-well 120, the base of NPN transis- 

would be to insert high value resistors in series with ^ ^ single coUector of PNP tran- 

either or both of the emitters of NPN transistor 74 or ^f^"^ ^ 5^°^° ^'')- The regions 135, 

PNP transistor 72, This method, however, in the pres- ^ ^° ^^^^"^ 

ent invention would result in an unacceptably high the Mos stnictur^ , . . „ 

value of on impedance for the MOS switches. '^?^ " P^* f<^> '"^^'Pj^ collectors of 

Another method of assuring that the latch-up condi- „ * I'S^^^" f" ^'S^'^ » between the N- 

tion never occurs is disclosed as an aspect of the present ^ channel MOS ^tor l6^a) m 

invention. The product of the betas of PNP transistor 72 '^SP! ^ij? ilh«tration, shown 

and NPN transStor 74 is mode less than unity. Thus, the °° ^f' ^a^ dram region 138 and gate 140. 

current flowing between the anode terminal 80 and ^ ^U^^tmion shown as 18^a) on FIG. 

cathode terminal 82 of the four layer device will never J^c^"^ ^Td/ ^.I'^^i 

reachavaluegreatenoughtoequaltheholdingcurrent '° 

.u„rj : • 1 J region 138. In this manner these mulUple collectors 

necKsary to sustain that device in its low unpedance i^f^^^ ^^^^ ijq^^) „^ ^ p^^j^j^^ /^„^j 

t%lr ' ^ «x , . the minority carriers which are injected into the serai- 

Rrfemng now to FIG. <K«). ano Aer four Uyer de- .^^^uctor Lbstrate as a result of forward biasing at 

vice lOO comp^ofeqmvatent NPNandPOT^ 35 start-up of the parasitic PN junctions formed during the 

tors « shown. However unhke the ~ of FIG. 5(a) CMOS fabri Jion process 

the four layer dejoce depicted m FIG 60jr), havmg Depending on the CMOS process used, the number 

""SJ^^SS^ f ^ c^ode tennmal 104. a smgle of multiple coUectors 114 may range from 1 to approxi- 

coUector NPN tmnsistor 106 and a multiple coUector ^^jy Furthermore, the spacing between the inject- 

^f^' "^f^ resistors no and 112. The 40 ing PN junction and the nearest P-well should be typi- 

multiple PNP coUectoR (shown at 114 are tied back to caUy anywhere from 25 to 500 microns. Spacing may be 

the base of the PNP tra^istor IM. Only a single multi- reduced if the lifetime of the substrate minority carriers 

"^"^^ ^e^b^ of NPN transistor ^ particularly low and or the substrate resistivity is very 

106. These coUectors 114 are fabncated on substrate 60 Ocss than one ohm-centimeter). In the presently 

m a region locat«i between the emitter of NPN transis- 45 preferred embodiment the spacing between the inject- 

tor 106 and the base of PNP transistor 108. i^g pn junctions and the nearest P-weU is approid- 

The ftmction of the senal collectors 114 is to guard mately 150 microns and four multiple collectors 114 are 

the forward biased PN junction formed between P re- used. This is based upon a process using a substrate 

gions 128 or 138 and substrate 60 by collecting the having a substrate resistivity of approximately 2.5 ohm- 

mmonty earners which are injected into the substrate so cm. 

60. These carriers are thus prevented from reaching the Although the presently preferred embodiment has 

base of the PNP transistor 108 and assure that the beta been disclosed as a P-weU CMOS embodiment, those of 

product of these two transistors is less than unity. Most ordmary skill m the art will recognize that N-weU 

of the minority carriers injected into the substrate are . CMOS technology could also be used without depart- 

coUected by these serial collectors before they can dif- 55 ing from the spirit and scope of the present invention, 

ftise and be coUected by the P-weU which is also the Those of ordinary skill in the art wiU readUy understand 

base of the NPN transistor. This may be designed to from the disclosure herein how to fabricate such an 

reduce the PNP beta to a value of less than the recipro- N-weU embodiment 

cal of the NPN beta thereby preventing lateh-up. Referring now to FIG- 7, a block diagram of a pre- 
Referring now to FIG. 6(b% a semiconductor profile 60 ferred embodiment of the present invention including 
drawmg of four layer device 100 of FIG. 6(a), NPN dual charge pump power supply 200, previously de- 
transUtor 106 is formed in P-wcU 120. Contact 122, scribed, RS-232C transmitter circuit 202, and RS-232 
contacting N region 124 in P-weU 120. constitutes cath- receiver circuit 204. These elements are show diagram- 
ode 104 of four layer device 100. This N region may be maticaUy as fabricated on a single piece of semiconduc- 
ihe source of either N-channel MOS transistor 16(a) or 65 tor substrate material 206. Positive reservoir capacitor 
N-channel MOS tnmsistor 32(a) from FIGS. 1 and 3. N 22 is shown connected to the semiconductor substrate 
region 124 forms the emitter of NPN tranastor 106 and via terminal pads 208 and 210. Negative reservoir ca- 
P-wcU 120 forms the base of NPN transistor 106. Sub- pacitor 34 is shown connected to the substrate via termi- 



nal pads 208 and 212. Positive transfer capacitor 10 and 
negative transfer capacitor 24 are shown connected to 
the substrate via terminal pads 214^ 216, 218 and 220 
respectively. An input voltage is provided to the circuit 
at Vcc mput terminal pad 222 and ground input termi- $ 
nal pad 224. Those of ordinary skill in the art will 
readily realize that ground input terminal 224 and termi- 
nal pad 208 may in some embodiments be the same 
connection terminal pad. . The data input to RS-232 
transmitter 202 is provided at terminal pad 226 and the 
output of RS-232 transmitter 202 is provided at terminal 
pad 228. The data input to RS'232 receiver 204 is pro- 
vided at terminal pad 230 and the data output of RS-232 
receiver 204 so provided at terminal pad 232. 

A monolithic integrated circuit containing the dual 
charge pump power supply 20 and RS-232 transmitter 
202 and receiver 204 may be fabricated as a monolithic 
integrated circuit. The only outboard components re- 
quired for operation of the circuit are positive and nega- 20 
tive reservoir capcitors 22 and 34 and the positive and 
negative transfer capacitors 10 and 24. 

While the preferred embodiment of FIG. 7 shows a 
single RS-232 transmitter 202 and a single RS-232 trans- 
mitter 204k those of ordinary skiU in the art will readily 2s 
recognize that other combinations of receivers and 
transmitters could be added without departing from the 
spirit of the invention. It is noted, however, that an 
embodiment of the circuit of FIG. 7 which contains 
only one or more RS-232 receivers 204, and no RS-232 30 
transmitters 202, does not require a negative power 
supply connection. This is because the negative swing 
of the RS-232 format signal is usually disregarded by 
the receiver circuitry. 

The RS-232 transmitter circuit 202, as well as the 33 
RS-232 receiver circuit 204 may be conventionally con- 
figured out of CMOS elements as is well known in the 
art For example, RS-232 transmitter circuit 202 may be 
a CMOS inverter with a level shifter to translate TTL 
logic levels to the RS-232 format, as is known in the art 40 
Alternatively, it may be configured similarly to the MC 
1488 circuit, manufactured by Motorola. RS-232 re- 
ceiver circuits 204 may be a CMOS inverter with a level 
shifter to translate the incoming RS-232 format signal to 
TTL logic levels as is known in the art Alternatively, it 
may be configured similarly to the MC 1489 circuit, 
mannfiictured by Motorola. 

A preferred embodiment of the present invention has 
been disclosed. Those of ordinary skill in the art wOl 
readQy recognize that other embodhnents are possible 
which do not differ m material respects. It is the inten- 
tion of the m ventors to include such embodiment within 
the scope of the appended claims. 

We claim: 

1. A circuit, integratable on a single piece of semicon- 
ductor substrate material, for providing a bipolar volt- 
age output at substantially double the voltage of a uni- 
polar voltage input source, including; 
first and second voltage input terminals, ^ 
first and second positive transfer capacitor connec- 
tion terminals, 
first MOS semiconductor switch means for selec- 
tively connecting said first voltage input terminal 
to said first positive transfer capacitor connection 65 
terminal and said second voltage input terminal to 
said second positive transfer c^)acitor connection 
terminal. 



first and second positive reservoir capacitor connec- 
don terminals, said first positive reservoir capacitor 
connection terminal connected to a fixed voltage, 

second MOS semiconductor switch means for selec- 
tively connecting said fu^t voltage input terminal 
to said second positive transfer capacitor connec- 
tion terminal and said first positive transfer capaci- 
tor connection terminal to said second positive 
reservoir capacitor connection terminal, 

first and second negative transfer capacitor connec- 
tion terminals, 

third MOS semiconductor switch means for selec- 
tively connecting said second voltage input termi- 
nal to said first negative transfer capacitor connec- 
tion terminal and said second positive reservoir 
capacitor connection terminal to said second nega- 
tive transfer capacitor connection terminal, 

first and second negative reservoir capacitor connec- 
tion terminals, said first negative reservoir capaci- 
tor connection terminal connected to a fixed volt- 
age, 

fourth MOS semiconductor switch means for selec- 
tively connecting said first negative transfer capac- 
itor connection tenninal to said second negative 
reservoir capacitor connection tenninal and said 
second negative transfer capacitor connection ter- 
minal to said second voltage input tenninal, and 

selection means, coupled to said first, second, third 
and fourth semiconductor switch means, for selec- 
tively activating said first, second, third and fourth 
semiconductor switch means. 

2. The circuit of claim 1 further including at least two 
RS-232 transmitter circuit, disposed in said semiconduc- 
tor substrate material, having positive, negative and 
ground potential power conductors connected to said 
second positive reservoir capacitor tenninal, said sec- 
ond negative reservoir capacitor connection terminal, 
and said second voltage input terminal, respectively, a 
data input connection terminal connected to said trans- 
mitter circuit for providing data to said transmitter 
circuit, and a data output terminal connection for pro- 
viding an output from said transmitter circuit. 

3. The circuit of claim 1 further including at least one 
RS-232 receiver circuit disposed on said semiconductor 
substrate material, including positive and ground power 
connection terminals connected to said first and second 
voltage input terminals and having a data input connec- 
tion termiioal and a data output connection terminaL 

4. The circuit of claim 1 fiirther including means for 
inhibiting latch-up of forward biased four layer devices 
created as a result of layout of said circuit on a single 
piece of semiconductor subsuate material. 

5. The circuit of claim 4 wherein said means is an 
mherent NPN transistor having multiple collectors. 

6. The circuit of claim 4 further including means for 
clamping said second negative reservoir capacitor con- 
nection terminal to a voltage no more positive than a 
voltage approximately equal to the voltage appearing 
on said second voltage input terminal. 

7. The circuit of claim 6 further including means for 
clamping said second positive reservoir ci4>acitor termi- 
nal to a voltage no more negative than a voltage ap- 
proximately equal to the voltage appearing on said first 
voltage input terminal. 

8. A circuit, intergratable on a single piece of semi- 
conductor substrate material, for providing a bipolar 
voltage output at substantially double the voltage of a 
unipolar voltage input source, including: 
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first and second voltage input terminals, connection terminal to a voltage no more positive than 

first and second positive transfer capacitor connec- a voltage approximately equal to the voltage appearing 

tion terminals, on said second voltage input terminal, 
a first set of MOS semiconductor switches, including 13. The circuit of claun 12 further including means 

a switch connected between said first voltage input S for clamping said second positive reservoir capacitor 

terminal and said first positive transfer capacitor terminal to a voltage no more negative than a voltage 

coimection tenoainal and a switch connected be- approximately equal to the voltage appearing on said 

tween said second voltage input terminal and said first voltage input terminal. 

second positive transfer capacitor connection ter- 14. The circuit of claim 2 further including means for 

minalt 10 inhibiting latch-up of forward biased four layer devices 

first and second positive reservoir capacitor connec- created as a result of layout of said circuit on a single 

tion terminals, said first positive reservoir capacitor piece of semiconductor substrate material, 
connection terminal connected to a fixed voltage, IS. The circuit of claim 9 wherein said means is an 

a second set of MOS semiconductor switches, indud- inherent NPN transistor having multiple collectors, 
ing a switch connected between said first voltage 15 16. The circuit of claim 2 further including means for 
input terminal and said second positive transfer clamping said second negative reservoir capacitor con- 
capacitor connection terminal, and a switch con- nection terminal to a voltage no more positive than, a 
nected between said fu^t positive transfer caapaci- voltage approximately equal to the voltage appearing 
tor connection terminal and said second positive on said second voltage input terminal, 
reservoir capacitor connection terminal, 20 17. The circuit of claim 2 further including means for 

first and second negative transfer capacitor connec- clamping said second positive reservoir capacitor termi- 

tion terminals, nal to a voltage no more negative than a voltage ap- 

a third set of MOS semiconductor switches, including proximately equal to the voltage appearing on said fu^t 

a switch connected between said second voltage voltage input terminal. 

input terminal and said first negative transfer ca- 25 18. The circuit of claim 3 further including means for 

padtor connection terminal and a switch con- inhibiting latch-up of forward biased four layer devices 

nected between said second positive reservoir ca- created as a result of layout of said circuit on a single 

pacitor connection terminal and said second nega- piece of semiconductor substrate material, 
tive transfer capacitor connection terminal, 19. The circuit of claim 18 wherein said means is an 

first and second negative reservoir capcitor connec- 30 inherent NPN transistor having multiple collectors, 
tion terminals, said first negative reservoir capaci- 20. The circuit of claim 3 further including means for 
tor connection terminal connected to a fixed volt- clamping said second negative reservoir capacitor con- 
age, nection terminal to a voltage no more positive than a 

a fourth set of MOS semiconductor switches, includ- voltage approximately equal to the voltage appearing 

ing a switch connected between said first negative 35 on said second voltage input terminal, 
transfer capacitor connection terminal and said 21. The circuit of claim 3 further including means for 

second negative reservoir capacitor connection clamping said second positive reservoir capacitor termi- 

terminal and a switch connected between said sec- nal to a voltage no more negative than a voltage ap- 

ond negative transfer capacitor connection termi- proximately equal to the voltage appearing on said first 

nal and said second voltage input terminal, 40 voltage input terminal. 

selection means, coupled to said first, second, third 22. The circuit of claim 1 further including means for 

and fourth set of semiconductor switches, for selec- clamping said second negative reservoir capacitor con- 

tively activating said first, second, third and fourth nection terminal to a voltage no more positive than a 

sets of semiconductor switches. voltage approximately equal to the voltage appearing 

9. The circuit of claim 8 further including at least one 45 on said second voltage input terminal. 

RS-232 transmitter circuit, disposed in said semiconduc- 23. The circuit of claim 1 further including means for 

tor substrate material, having positive, negative and clamping said second positive reservoir capacitor termi- 

ground potential power conductors connected to said nal to a voltage no more negative than a voltage ap- 

seoond positive reservoir capacitor terminal, said sec- proximately equal to the voltage appearing on said, first 

ond negative reservoir capacitor connection terminal, 50 voltage input terminal. 

and said second voltage input terminal, respectively, a 24. The circuit of claim 9 further including means for 

data input connectton terminal coimected to said trans- inhibiting latch-up of forward biased four layer devices 

mitter circuit for providing data to said transmitter created as a result of layout of said circuit on a single 

circuit, and a data output terminal connection for pro- piece of semiconductor substrate material, 
viding an output from said transmitter circuit. 55 25. The circuit of claim 24 wherein said means is an 

10. The circuit of claim 8 further including at least inherent NPN transistor having multiple collectors, 
one RS-232 receiver circuit disposed on said semicon- 26. The circuit of claim 9 further including means for 
ductor substrate material, including positive and ground clamping said second negative reservoir capacitor con- 
power connection terminals connected to said first and nection terminal to a voltage no more positive than a 
second voltage input terminals and having a data input 60 voltage approximately equal to the voltage appearing 
connection terminal and a data output connection ter- on said second voltage input terminal. 

^xanal. 27. The circuit of claim 9 further including means for 

11. The circuit of claim 8 further including means for clamping said second positive reservoir capacitor termi- 
inhibiting latch-up of forward biased four layer devices nal to a voltage no more negative than a voltage ap- 
created as a result of layout of said circuit on a single 65 proximately equal to the voltage appearing on said first 
piece of semiconductor substrate material. voltage input terminal. 

12. The circuit of claim 11 further including means 28. The circuit of claim 10 further including means 
for clamping said second negative reservoir capacitor for inhibiting latch-up of forward biased four layer 
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devices created as a result of layout of said circuit on a 
single piece of semiconductor substrate material. 

29. The circuit of claim 28 wherein said means is an 
inherent NPN transistor having multiple collectors. 

30. The circuit of claim 10 further including means 
for clamping said second negative reservoir capacitor 
connection terminal to a voltage no more positive than 
a voltage proximately equal to the voltage s^pearing 
on said second voltage input tenninaL jq 

31. The circuit of claim 10 further including means 
for clamping said second positive reservoir capacitor 
terminal to a voltage no more negative than a voltage 



approximately equal to the voltage appering on said 
first voltage input terminal. 

32. The circuit of claim 8 further including means for 
clamping said second negative reservoir capacitor con- 
nection terminal to a voltage no ^nore positive than a 
voltage approximately equal to the voltage appearing 
on said second voltage input terminal. 

33. The circuit of claim 8 further including means for 
clamping said second positive reservoir capacitor termi- 
nal to a voltage no more negative than a voltage ap- 
proximately equal to the voltage appearing on said first 
voltage input terminal. 
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[57] ABSTRACT 

A monolithic integrated circuit containing an inver- 
ting/non-inverting voltage doobler charge pump circuit 
is disclosed for converting a unipolar supply voltage to 
a .bipolar supply voltage of a greater magnitude. The 
unipolar input voltage is placed across a first external 
transfer capacitor by a first set of MOS switches during 
a first time period. The unipolar input voltage source is 
placed in series with the first transfer capacitor and this 
series combination of voltages is placed across a first 
external reservoir capacitor by a second set of MOS 
switches during a second time period. The voltage ap- 
pearing across the first external reservoir capacitor is 
placed on a second transfer capacitor during the first 
time period by a third set of MOS switches. The voltage 
across the second transfer capacitor is placed mto a 
second external reservoir capacitor with its polarity 
inverted by a fourth set of MOS switches during the 
second time period. A dual-collector lateral junction 
transistor, formed during the conventional CMOS pro- 
cessing steps used to febricate the MOS switches, is 
connected as a voltage clamp between a ground poten- 
tial and the two bipolar DC output lines of the power 
supply circuit to assure correct start-up conditions for 
the drcuit. Gain reduction devices are placed in the 
semiconductor substrate to collect minority carriers 
which would otherwise be injected into inherent para- 
sitic four layer PNPN junction devices created as a 
result of the architecture of the circuit, to prevent latch- 
up of the four layer devices. In a preferred embodiment, 
an RS-232 receiver and transmitter are contained on the 
same monolithic integrated circuit as the dual charge 
pump power supply. 

4 Claims, 5 Drawing Sheets 
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iNTirrDATirn niiAT r<ir ah^^v D.ni«. T^„r^ voltages take up a relatively large amount of cir- 

J^^^^^^^J^^^^^^^^^^ cuit board real estate, and often are power ineffident, 

SUPPLY AND ItS-232TSANSMirrER/Il£CEIVER Le., heat producing. r uKniracm, 

Thie i. . 1- ■ o industry has recently turned its attention to at- 

^ a^Tf? , o.,'""^*!? c I"- ^ '^P** *° ^""^ P°^« *"PPli« °f ti'e nature 

?8M ' """^ described on a single semiconductor substrate. 

4,BW.i32. Such circuits have the obvious advantages of space 

BACKGROIJND OF THE INVENTION sa.\mg, assembly labor savings, and relatively lower 

t FirfH nf A. P?*" dissipation. A form of such circuits known as 

Th™^tW«ri^ !L- , u 10 charge pumps have been used in semiconductor mem- 

The present mvention pertams to charge pump power ory chips to produce a crude back bias supply and for 

fn"^.«iI?H/r*^*^^ 7^""* supplying the higher voltages needed to p^o^ such 

1^^ ^ " ""f • "^^^ ">P»t voltage. More memory devices. Charge pump circuits hkvebera used 

parteularly. the present mventton pertains to the inte- in the inverting mode to p^duce voltage 

granon of sn^ a ciicuit on a single piece of semicon- 15 opposite to that of the supply voltage from whteh they 

fj^;^'!!^^"^ e^^"^ An examKsu«*! circuit is found to 

terns to other orcuitty mtegrable on a smg^e piece of the product designated ICL 7660. a power supply ci^ 

^"SpS'c^r «lo«8 with such a mt^manufact^ed-by the assignee of U.e preseSfK- 

I PriOTArt . , ^ ^. 20 The efforts to design and implement a bipolar charee 

in?J^^^^»r^'^^^- ^^^^'^ i«<» vpltege pumpintegratedShavea^withseviSS^bS 

mvertw circmts are weU known m the art Such circuits which result from the inherent nature of the mte«ation 

m^h^i^ T^ '^"'^ ^^'"'^ '""^ ' ^ f*ric«ion process whiS to 

multophcity of DC volt^es for operation. More re- manufiicture these devices, ft is well known to tl^e i^ 

cenUy. m the context of diptal circuits and systems, it 25 the art that when MOS or CMOS dS^ebteS 

has become connnon to employ a single five volt unipo- onto a single semiconductor sutetote tiie cto C 

br volvige supply to pow« digital circuitry m modem geome^ archit^SeS pro^u^TpaSta^^^ 

date processmg systems. For example, semiconductor junction devices. TTiese devices SdSSb^t 

^'^'^ T^^'^u'^ ^ '^r^y bipoU«transistors.andPNP?rfou?UyeiXr^^ 
W^„^^^»£^''''°^-P°'?'"'°?P'y;^"* ^ similar to silicon controlled rectifier (SCR) de^^ 

however, certam mt«&ce circuits and other special The existence of these parasitic devices ka^ted 

vXI^'^J^iSv"^ *^ ^"^^ in the design and fabricaS W dS Sy 

•^^^^^^^^T^^^.^^iyP^:^ •''^Se pump power supply circuits. When forward 

S^k^SS^^^l^ ""^"^ Additionally. biased, the aforementioned four layer diode device wiU 

^^ST^T^^ * circuit to experience a phenomenon 

ages so that voltege power requuements of plus or known as latch-up. Latch-up is a phenomenon common 

Si^^f^^°?"^'"pi?,^'*''"~'^°"'y toCMOScircuits^herebyLcSSS^tSeS 

a««ntered, for example m RS.232 communication into a low impedance conducting state by forwaiK 

^1 . .... ing an inherent four layer diode device in the circuit 

J^^f'ET^'^'^^°^^^P^^- « Tbis four layer diode my be tri^^ed S S 

OM^ared to the digital arcmtry power requirements. this occurs, operation of the cir^ is inMWted md 

tofert. ,t B commoii to encounter five volt mupolar possible damage may occur to tt^^^SSreis™ 

power OTpphes for dnvmg digital logic rated in tens or inherent current limhing designed tew^e S 

S^e^.":^"' AnotherprobleminhLnTftSS^^ofTiSpolar- 

may be as low as tens or hundreds of ity charge pump inverter circuits is tte difBcuK of 

fn. - J • ui . assuring correct start-up of the circuit The conditions 

It IS therefore often desirable to generate locally the existing in the semiconductor material at the^^ 

v^ious non-pnmary voltage sources. Le.. the bipolar start-u? may randoi^^SScTsS wM^ ™I 

Lilf^T^'H » » ^» from ev« Starting uTt^pSlS^ S 

Si eil^. economicaUy and with relatively desired output voltages. In the pLi^elSo?^^^ 

ForSf^f efficiencies. and considerable ext^ circuitry CbS. dSn^S 

For an example, a minicomputer may have a 100 watt such drcnits in an attempt toivoid ^nr^^ 

5 volt power supply which supplies aU of the require- prooiem. 

ments for a multiplicity of printed circuit boards hold- 55 BRIEF DESCRIPTION OF THE INVENTION 

power supply locaUy on whatever board needs other 65 etry kyoS or^^^h V^^^ 

volteges.However,generatingsuchvoltagesbythe„se SSc^^t^^^^^the^i'^^ScL"^ 

of discrete components is often disadvantageous be- be olaced MtrT^T^^J^*,; I aevices wUl 

cause the additional components reqmred ^gcTerS^ ^e^^tSleSil^f^.^r^ ^eS 
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''"^8 Pha«- During a second phase 

»"88'?°8 ">herent four layer PNPN junc- switches 14 and 16 are open and switches 18 and 20 are 
tion into a low unpedanceconductmg or latch-up mode. closed. 

Another aspect of the present invention is the integra- As can be seen from FIG. 1(<2). when switches 18 and 
don, on a single piece of semiconductor substrate mate- 5 20 are closed during the second phase the voltage 
^ """P ^^"^ " « effectively placed in seri^ with the voltaie 

? ^Sc^o power supply, and a combrna- stored across reservoir capacitor 10 and thus the sum of 
T r^^^^n."^"^ transmitters. Combina- the voltage acix>s$ voltage source 12 and capacitor 10 is 
tion of RS-232C transmitters and receivers may consist placed across reservoir capacitor 22 
of at leastone trananitter together with either zero or 10 The inverting portion of the votoge doubler circuit 
any number of receivers. operates as foUows: transfer capacitor 24 is charged to 

BRIEF DESCRIPTION OF THE DRAWINGS reservoir capacitor 22 via the 

TTin o « l A^ u . , ^ switches 26 and 23 which are closed during the first 

FIG. 1(a) is a simplified schemaUc diagram of the phase of operation of the circuit while switches 30 and 
charge pump circmt of a preferred embodiment of the 15 32 remain open. During the second phase of circuit 
ulv », ^ ^- u operation switches 26 and 23 are opened and the volt- 

ri.^,U nf °^ »^ «Paci»r 24 is placed on reservoir 

^nl^^J^"^ ^ 34 via the closing of switches 30 and 32. 

by MOS transistors. Tl,osc of ordinary skill in the art will note that the 

dnW th^t!^J?u^ T «"*«*le.*^.op«^ 20 circuit configuration is such that when the voltage 
dnvmg the gates of the charge pump circmt of FIG. across transfer capacitor 24 is placed across reservoir 

mo 3 « a M . r ^ J V capacitor 34 the positive end of transfer capacitor 24 is 

m^t^rZ preferred embodi- comiected to ground line 36 through switch 32 and the 

s^l^^^f JSIm^^^h^ of capacitor 24 is comiected to the side of 

MOS devices and a PNP lateral 25 reservoir capacitor 34 comiected to -2 Vcc output line 
S^£T the conect start-up condi- 38. The polarity of the voltage across reservoir capac^ 

^o f^!! *-^"?" tor 34 with respect to ground line 36 is thus such that 

of SSlt^^^^o" > ^""^t '^^^ ^"'"^ '"^^^ =-P^ito^ 34 is negative 

in^^r. *««»stor smtable for use m the present The output of reservoir capacitor 22 is connected to -1-2 

V , ,,,, 30 Vcc output line 40. 

«J^J«^;,?o; ^ \ ^«^*^^«iy » schematic The first and second phases of circuit operation de- 

«1 T '^r'^,^!^ semiconduc- scribed above are repeated at a frequency which 

tor smtettate profile drawing of such a device showing range from approxiiaTely 100 her^ to lOO's of 

^e MOS geometry wtoch mherently creates such a hertz or higher It has b^ fomi^Saf a frequ^^^rf 

Fir. i. o J- ^ r , , approximately 15 K Hz performs satisfectorily for the 

FIG. 6(a) IS a schematic diagram of a four layer de- purposes of the present invention. 

rpSi^tior"'°"'^"''"^^''°''^" -me foregoing%epresents an idealized characteriza- 

CT^^M^ ^ . tion Of the operation Of the Circuit of FIG. 1(a). Those 

de^f'^t^ht'f^'^'" of ordinary sSl in the art will readUy r^LXtuS 

^ u P'^"''' ^ fint and second phase c^Sefte 

™^onty charge earner collectors for preventing resultant voltage between groL teS36 Sd +2 

SSSr^^*""''^''*^'^'^*"^'^''^** Vccoutputte,Sunal40actSyreach^voLg1^;arue 

FIG 7 -K fl hir^v «p u J- , °^ +^ Lfltewise, it will be appreciated that several 

Piu. 7 is a block diagram of an embodiment of the cycles are also needed for the voltece hetwew, <n-ni,nH 

present mvention mcluding a dual integrated charge 45 tLiinal 36^ !!? Vo?ouip 

pump power supply and a RS-232C receiver and tra^ voltage of -2 Vcc. 



mitter. 



Those of ordinary skill in the art will also realize that 
DESCRIPTION OF A PREFERRED amount of current which may be drawn from the 

EMBODIMENT • °^ *^ circuit of FIG. 1(a) depends on the rela- 

Referrine first to FIO a , '° °^ tiaasfti capacitors 10 and 24 and reservoir 

sche™S^L^ni «A; K^"^' f^P'^cd conceptual capacitors 22 and 34. as weU as the on impedance of 
^hematic drawing of the basic charge pump circuit of switches 14, 16, 18, 20, 26. 28 32 and 30 

^J^, ""k"*?": °^ It wiU alk, ipa^en Skt thrvoltage appearine 

toon operates by placing an mput voltage upon one of between output ter^Lals 36 a^d M orSd « 

fZZ^f" '^'"^ * "^J^ "^^ » approximately twice the inpuTvolU^e supledb^oft! 

^ge m that capacitor is then transferred to one of age source 12. Those of ordinarffwu Ei the a^ wUl 
«t!h'K'^,T"TL^' ^^"^ ^"•'^Se is appreciate that other ml^^Tonhe^pu" v^ftaTe Vc^ 
^i^^i^ ^ "^^^ mterconnecting scheme. at voltage source 12, are readily acSte SbB the 

concept of the presem invention '""'8 the 

fi^ u r ° segments, or phases. In a 60 Turning now to FIG. 1(6), it is seen that in an actual 

fc^ phase, voltage from a voltage source is placed on embodiment of the present invention sSchrA W 
tonsfercapacitors. Dunng a second phase the voltage 18. 20. 26. 28, 30 and 32 have been r^lS v^th mAI 
^^^^^'^'^^^^^^^^rcs.r.oirs transistors. TTius, switch 14 is replSTy pSiIJS 

Lfi^nofiT^ff„,K^ ^ ^, MOS transistor 14 (fl). switch 16 is replaced by N-chan- 

Refernng firs to the positive voltage doubler portion 65 nel MOS transistor 16(a), switch 18 is replaced bvP- 

vL^LTZL capacitor 10 is charged from channel MOS transistor 18(a), switdiyfe^pScSb^ 

rSesTLd i^^iT* '/t'^'J^l ''°'^8 P-'^'"^"' "^OS transistor 20^0). switch 26 is^e^ced 

switches 14 and 16 while switches 18 and 20 remam, by P-chamiel MOS transistor 26(a), switeh 28 is r^ 
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placed by N-channd MOS ttansistor 28(a). switch 30 is from CMOS elements as is well known to those skilled 

replaced by N-channdMOS transistor 30(a). switch 32 in the art own lo mose smed 

^ S?"^ ^^*'>- °f PIG- 2 is powered by +2 Vcc and -2 

The toe cwitrolled opoation of the dicuit of FIG. Vcc lines 36 and 40. This assured that the voltage swine 

l(A)js imptoaited by plase control unit 42. Phase 5 on gate lines 44 and 4« will span approximately^! 

^*^,S*f de- entire power supply range, thus ensuiSg that all of 4e 

vwes. 14(a), 16(a), 18^aX 20(a). 26(a), 28(a), 30(a). and gates of the PK:hannel Ld N-channel devic« wS 

M(a)>«gate«mtrolto«44^^ Gate control lines they drive will be as iiilly turned on as possible and can 

Mf??*J^„^'^^^"' ^-^^^ all'transistors and enhan^m^ 

« MtSSL^J?;^!?!^ MOS tnmsuitois, used 10 types. This wiU guarantee as low an on-state impeS 

l^^^^^jf^ ^ are turned on of the MOS switches as possible thus majdmiriTthe 

md off appiopnately as described herem dunng the efficiency and current drive capabiUties of the present 

first and second phases of the circmt operation. uivention 

Tlo« of ordinary skiU in &e art wffl readily appred- In the illustration of a preferred embodiment of the 

ate that.mord«tomsure ef5cie^^ that IS present invention depicted in FIG. 1(a), the sutetti^ 

n^Sr!f„f h^«W r^f^^'^ ^"'^l ^ comiections of the MOS devices aJe sS;v?Lf^S 

phshed on a break before make basis or. at worst case, ted. Those of ordmary skill in the art will reahze that 

on a simultaneous switchmg b^ Those of ordinary junction isolated MOS transistors such as us^ITO 

don m Uie art wJl also leahze that tiie order of phases 1(*) are four^erminal devices and that b^t^^ 
coiUd be reversed. Alternative^ a first clock could be 20 terminal and the substrate terminal are .^1 tS 

^rfS ^"trcd the sets of MOS switches controlling nals.-n.etnm^m voltage of the gate ^^SlSl 

transfer capacitor 10 and reservoir capacitor 22, and a by the reverse bias on Uie substrate to source iunS 

seco.^ clock could be us«l to control the sets of MOS As that reverse bias is iacrS^ ta^^vS ^f 

^«^troIhngtnmsfercapacitor24andreservoir the device also mcreases.^e SeSl^Stly 

I should U understood for purposes of this disclo- SSi" " """^^ 

^'^^fu°^ *^,^P^o«f«>wn in FIGS. !(«) and As the substrate-to^wurce voltage increases the gate 
ii 1 1 ^ turn voltage of the device also hfcreaSi, thus poS! 

m^actud embodiment inmtis. these tiaUy m«Ling the on resistance of tS^ de^ce tra 
StSfl^ to the integrated 30 point where circuit operation could be seriomly ef! 

^ semiconductor substrate via ter- fected. Since, in a circuit of this nature, the drainWce 

nuoys pr^oded on the semiconductor substrate for that resistance m thfe on state should be as low ,«p«!*te Tt 

purpose. For an (^ratmg frequency of 15 KHz, 20 is desirable to comiect each N-channel 

nucro&rads is a suffident size for aU capadtors. Those substrate to its source. '^'^"^ transistor 
aV^^1!*L*^*^"' appredatc that as 3S With respect to P^hamid transistors the effect of this 

^^S^n^T^S'A""^.*^.''"'""' °^ ^ '^'^ "'^te source biasmg is about haJoTthat fS 

^«^v«ndrop. but that mtohing losses will in- N-chamid MOS transistors due to Ughter cl^el 

^f1^« the diaagmg to disdiargmg at the clodc purity doping densities. The most practical Xtion^ 

"^l^^fr" P-^'^^l MOS trai^istors is o SeS 
^^Ji^^f^J^ >witdmig frequency de- 40 all P-channel substrates to the most positive voltage in 

SScZwS^^ "1^"^^ '"'^^ That voltage is, as seen from FIG. 1(a) +2 

^^^^^^T^^^^ ^ '^'Z^S capac- Vcc which appears oi positive supply Une 40. Thie 

^^euiawompamed by mcreasing physical size of comiections a^e shown i^ respect to FIG. 3. 

t?__ . ^ Prior to start'Up, it is reasonable to assume that yprn 

anJ-?0*S*tffi*^°"^"?^'^'l+15r^*^ ^ "V-^tors. It s^Tp! 

Tt^^^^^t^^ll^'^'^ 22 may be connected to ground iL 36 or to 

loS^^nn^i 1^ f '° -2 ^ 38. Reservoir capacitor 22 will be immedi- 

^'-^ ^ ^^n?- «Pr°^J^ly ™- ''tely charged with the source substrate diodes of P- 

^%J^fl^^ stall m die art wdl recognize chamiel MOS transistors 14(a) and 18(a) to a voltage of 

S^p^Ik^ 'f*°'°"*P"'°^*^*^^'^''^^"'^ approximately Vcc -0.6 of a volt The vXf^ 

ES« MOS^Ilif appro^ly one ampere. reservoir capadtor 34 could lie someWeTKeS 

ttowever, the MOS devices would have to be scaled ground hne 36 and the voltage on reservoir cauadtor 

ac«,^y as IS w^known in the art 22; depending which of trWifton 2^X)?30;S " 

c^lTTf rr,!? ^ «°'»'"^™t of the phase 32(«) were conducting (if any). a voS« 

SLX^ ^^ ^ disclosed. Those of ordmary that transistor 16(a) and other transistors bdng 

staU m the art wm recogmze that phase control unit 42 on. Under these conditions, a voltage between -(.ZvS 

may consist of three conventional CMOS inverter cir- drives the rates of STof the ™mnt S*™.^ J^f-lJ^ 

MOS t^'^^' ipdeter^S^^tS; stt^l^^fnol 

MO!> transistor pair. The embodiment of FIG. 2 con- 60 assured. u«u » aoi 

Ss *'tiJ!!,tn^^^ ^^Tl "^^^^ °^ P-channd If the other possible start-up conditions of the capad- 

Se L^.^ '^^ N^hamid MOS transistor 46. tor and MOS device comiections and off/on sta^e 

^d NS^E*t°^^"^^°"iS.* transistor 48 assumed, those of ordmary skill m the art will 

^Lh^Z^p ^' """^ appredate that the start-up and operation of the chcm^ 
XmS^i^ ^""^ 1 and 2 is not a^nred. 

These ttir«. in^irt-, • j w ■„ Solution to this dilemma is to place a clamp on 

wW?r^«ftl P^."^* driven by oscillator 56. the -2 Vcc Une 38 to damp that voltoge line to a^ 

which may be any conventional osdllator configured tfmt it wiU never assume a voltage sub^^y^e 
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vStn.'J^.'^^T^^^ '^^^^ . ^^^^ J""^»i^° <>f lateral NPN tran- 

Vcc hne 40 ^also clamped so that it will never assume sistor 58 is forward biased, minority carriers injected by 

a voltage substantiaUy more negative than the voltage the emitter into the base are coUccted by both the veitU 

Vcc on approximately Vcc --0.6 volts. cal and lateral collectors in roughly equal amoi^Ts. 

While those of ordinary skill m the art wiU realize 5 Connecting the lateral coUectors to thecommon base 

that, conceptually a diode would be an ideal clamping reduces the vertical coUector current to approximately 

means for the - 2 Vcc hne 38, it is not possible to fabri- i of the clamp current. If a vertical NPN ttansistor had 

cate a simple PN junction diode in a MOS process. A been used alone, the damp current (base current) would 

junction transistor will always be created by an attempt be multiplied by the beta (approximately 500 of the 

to fabncate a diode. The presence of such a transistor in 10 device) thereby wasting large amounts of current 

the circuit of FIG. Hb) would cause excess wasted Referring now to FIGS. 1(b) and 3, during start-up 

current to flow m the circuit, because of its beta or reservoir c^acitor 22 is charged by the forward biased 

current gain. condition of the source-substrate diodes 59(fl) and S9{b) 

In a preferred embodiment of the present invention, P-channel device 14(a) and the drain substrate diode 

this clamp is comprised ofa lateral NPN transistor. This of P-channd device 18(fl). The initial current surge 

lateral NPN transistor is shown in FIG. 3. The lateral tlirough these diodes can be hundreds of milliamperes 

collector and base of this device are both connected to ^^s be well above the holding current of the inher- 

-2 Vcc line 38, its vertical collector connected to +2 SCR type four layer diode device which exists in the 

Vcc. The lateral collector serves to minimize the effec- circuit. 

tive current gain of the unwanted but inherent vertical . ^uch a four layer device is schematically represented 

collector of NPN transistor 58, which would otherwise ^ ^^)- Referring to FIG. 5(fl), it is seen that the 

cause excess current flow from the -f2 Vcc line ^^Xe* device is made up of PNP transistor 72, NPN 

through ground. Unless the -2 Vcc line 38 exceeds transistor 74, resistor 76, and resistor 78. Resistor 76 is 

ground by approximately 0.6 of a volt in the positive connected across the base-emitter junction of PNP tran- 

dkection, this device will not conduct current If the ^^^9^ resistor 78 is connected across the base- 

-2 Vcc Ime equals approximately 0,6 volts, the device ^^i^er junction of PNP transistor 74. The base of NPN 

turns on and current will flow in approximately equal tf ansistor 74 is connected to the collector of PNP tran- 

portions through both collectors to maintain the -2 ^^^^ PNP transistor 72 is connected 

Vcc line at no greater than zero plus approximately 06 ^® collector of NPN transistor 74. The connection of 
volts. 30 the emitter junction of PNP transistor 72 and resistor 76 

Wth respect to the clamp for +2 Vcc line 40, the the anode connection 78 of the four layer device 

action of the inherent junction diodes 59(a) and 59(M ^x?® intersection of resistor 78 and the emitter of 

present between the drain and substrate of devices Wa) ^ V ^^^^^ '^^ cathode connection 80 of 

and 18(a) serve to clamp the +2 Vcc line to a voltage „ ^^^'^^.^V^ <ievice. 

no more negative than the input positive supply voltage as wiU be appreciated by those of ordinary skill in 

Vcc minus approximately 0.6 volts. the art, the four layer device shown in FIG. S(a) will 

Consequently the voltages on +2 Vcc line and -2 mpedance state between its anode 80 and 

Vcc line are both well defined. Additionally the voltage r u ^mtable triggering if the product of the 

difference between +2 Vcc line 38 and -2 Vcc line 40 eqmvalent transistors is greater than 

at start-up is (Vcc - 1.2) volts and is also weU defined ?® ^'^^"^ "^^^ ^^y^^ device is 

This value of voltage is sufficiently large to guarantee °° ^o\t&ge of either transistor 

operation of the drive circuitry for the eates of the ^mded by its eqmvalent base emitter shunting resistor, 

output transistoi^ until the charge pumps charge the ^^^^^^^^ ^ ^"^^""i.^ 

hues +2 Vcc (40) and -2 Vcc (38) to those voltaga ^< Referrmg now to FIGS. 3, 5(a) and S{bl it will be 

The lateral NPN transistor used to clamo -2 Vcc ^PP^^°* *<>^^°se of ordinary skill in the art that such a 

line 38 is fabricated using conventional CMOS fabrica- ^^""l u'"^ f'''^ ^ ^""^^^ °^ 3. The 

tion techniques. For a current drain of plus and^u^ ^^"^ ^ "^^'^ of P^hamiel devices 14(a) and 18(a) 

10 mA at 10 volts, the periphery of the emitter f^the ^ diagrammaticaily as P region 84 in FIG. 5{b)) 

lateral NPN transistor ^^^y be i?^^^ the enntter of PNP transistor 72 of FIG. 5. 

ThoscofordinaryskinintheaSwiUapprec^teXX ^7^°°^"^^^,^^^^^ 

sizeof thisdevice may be scaled to acc^KatSier weU?6?^rl'' "^n ^^"^^f^^^^NPN transistor 

current carrying requirements, and its peripherv n^d if coUector of PNP transistor 72 as 

not be larger than 1000 micr^ penpnery need weU as the base of NPN transistor 74. The source of 

Referring now to HG. 4. a substrate profile drawine I N^bannel transistors 16(a) and 32(a), one of 

of a dual coUector lateral OTN trSor 58 t^f ^""^ '^^"^ ^ ^ '^^ion 88 of FIG. 5{^) forms the 

sistor 58 is fabricated ^a^nTth^^^ T^l"' "^"^ ''"^T' ^^^^^ ^^^^^ 

N type substrate material 60 m a P-weU 62^?^^^^ ,t ^''^'k ^^/^t^;^^" LUcewise, the resis- 

placed into substrate 60 using common CMOS p^^^ ^LH^ t^n'^Z -^^l^ '''^'^'^ 

ing techniques. N region 64 Lrves as the em^tter^^ ^l" p '^'^ ^ ^ '^^^^ 

lateral NPN transistor, and is suSolded S N r^^^^^^ ^ ^trtJf^T'' ^i"' ^'^^^ ^ ^^^^'^ in 

66 which serves as the lateral coU^tor P re Jnn <l^n f ^ '^Tw^*'''^ resistance surface planes com- 

P-wcU62servesasthcba^Sn^!'i^^^^^^ aTe^to^.^^Hp^'^^r'^^^^ ^"PP^^ 

by those skiUcd in the art that S^TtLKi^^S^ ^Tn nJt tn^ of substrate and P-weUs. 

the base of lateral NPN transisto758 N reL^^^lf ' ^ ^^'^ ^^^^^ ^^^i" its low 

catedinaregion of subsSTouL^^^^^^^ "^P^^ance fte, ^^^^ 

serves as the^wanted, buTiLier^^^^^ L^^Z''^''^''^^ ^'^^^^ 86 or 

of NPN lateral transistor 58 J ! t^^'"^"^ ^' °^"St be greater than 

^« boldmg current required for the four layer device. 
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This condition can occur by various means. For exam- Contact 126. contacting P region 128 is at Vcc poten- 

pie. a very rapid rate of increase m the anode^^thode tial. P region 128 may be either the source of P channel 

voltage will force current mto the bases of transistors 72 MOS transistor 14(a) or the drain of P^hanncl MOS 

and 74 due to the charging of the coUector-base junc- transistor 18(fl) from FIGS. 1 and 3. P region 128 forms 

tion capacitors inherent in those devices. Alternatively, 5 the emitter of PNP transistor 108, 

forward biasing of a region in the substrate junction P regions 130(a) through 130(c)i in substrate 60, form 

adjacent to the P-well 86 and P-region 84 forming the the multiple collectors of PNP transistors 108 (shown at 

emitter of transistor 72 could induce base currents to 114 in FIG. 6(a)). Multiple collectors 130(fl) through 

flow in transistor 72 and 74 sufficient to exceed holding 130(e) are connected together at the surface of the semi- 
current values. Either of these conditions could occur at 10 conductor substrate 60 by layer 132 which may be made 

start-up of the circuit of FIG, 3. of aluminum and fabricated during the metalization step 

In order for the inverting doubler charge pump cir- of a conventional CMOS fabrication process. N regions 

cuit of the present invention to reliably operate, it is 134(a) through 134(<0> disposed in between P regions 

necessary to assure that this possible latch-up condition p^a) through 13a(c) are used for the purpose of mak- 

can never occur. One method which is used in some. "^8 * impedance contact between the -h2 Vcc line 

CMOS circuits to inhibit the possibility of latch-up ^® substrate. P-well 120, the base of NPN transis- 

would be to insert high value resistors in series with ^so serves as the single collector of PNP tran- 

either or both of the emitters of NPN transistor 74 or as shown in FIG. 6(fl). The regions 135, 

PNP transistor 72. This method, however, in the pres- shown adjacent to layer 132, are the gate oxide layer of 
ent invention would result in an unacceptably high ^ MOS structures. 

value of on impedance for the MOS switches. As is shown in HG. 6(b) the multiple coUectors of 
Another method of assuring that the latch-up' condi- transistor 114 are interposed in between the N- 
tion never occurs is disclosed as an aspect of the present channel MOS transistor 16(a) in the P-well formed of N 
invention. The product of the betas of PNP transistor 72 re&ons 124 and 136. This device, for illustration, shown 
and NPN transistor 74 is mode less than unity. Thus, the ^ ^*)» ^ region 138 and gate 140. 
current flowing between the anode terminal 80 and device, for illustration, shown as 18(a) on FIG. 
cathode terminal 82 of the four layer device will never ^ drain region 138 and gate region 142. P-chan- 
rcach a value great enough to equal the holding current .^^^ transistor 14(a) formed of P region 128 and P 
necessary to sustain that device in its low impedance , 138. In this manner these multiple coUectors 
state. 3" 130(a) through 130(€) are in a position to collect most of 
Referring now to FIG. 6(a), another four layer de- minority carriers which are injected into the semi- 
vice 100 con^>osed of equivalent NPN and PNP transis- ^o^^^ctor substrate as a result of forward biasing at 
tors is diown. However, unlike the circuit of FIG S(a) u*^^^ parasitic PN junctions formed during the 
the four layer device depicted in FIG. 6(a), having ^ fabrication process. 

anode termmal 102 and cathode terminal 104. a sinde ^^^^Pendrng on the CMOS process used, the number 

collector NPN transistor 106 and a multiple coflector multiple coUectors 114 may range from 1 to approxi- 

PNP transistor 108 as weU as resistors 110 and IIZ The Furthermore, the spacing between the inject- 

multiple PNP coUectors (shown at 114) are tied back to "^fi J^^^o^ and the nearest P-weU should be typi- 

thebaseofthePNPtransistormOnlyasinglemnlti. ^ ^J^^^re from 25 to 500 micro^^ 

pie coUector is connected to the base ofWNtranstt^ reduced if the hfetune of the substrate minority carriers 

106. These coUectors 114 are fabricated on substrate 60 T P^^^arly low and or the substrate resistivity is very 

in a region located between the emitter of NPN transis- p u ohm-centimeter). In the presently 

tor 106 and the base of PNP transistor 108 • IJIt • the spacing between the inject- 

The function of the serial coUectors 114 is to euard junctions and the nearest P-weU is approxi- 

the forward biased PN junction ^^™w^^ i^ly 150 microns and four multiple coUectois 114 are 

gions 128 or 138 and substrate 60 by coUecting the ?^7*"5^*>a««d u^^^^ 

minority carriers which are injected into ttSTSftrSe Si "^^"^ '^'''^'y of approximately 2.5 ohm- 

60. These carriers aie thm prevented £rom reaciune the \u\. u .1. 1 ^ . 

base of the IW transistor 108 and ass«*^SrS^bS ^ h^^° ,^ '"^^'UL'l^f""* embodiment has 

prodnctofthesetwo transistoisislessSL^W ^ been disclosed as a P-weU CMOS embodiment, those of 

of the minority carriers injecSl iito STsuStf ^e cS?^ jSfoln ^ ^'^'o^ that N-weU 

collected by these serial coUectors before they«^ ^! ? ? "^>'°^?8y could also be used without depart- 

fuse and be coUected by theTweU wUch Se ^ ^h ^^"' ^t"^ "^^^ "^"'^^'^ 

base of the NPN transiLr. TT^ maTbe d^S^d^o 55 SrthI°H!^'^"'^\"**^'?^?y '^'"'^ 

drawing of four layer device 100 of FIG «a1 NPN h^.vT^^' P"*?* invention including 

transistor 10« is formed in P-weU OCon^ t^? « J^y^v^o^."^^ '"PP'^ P''^^""^^^ 
contoctingN region m in P^eU lM^n^^Z^^ RS-232C transmitter drcnit 202, and RS-232 

ode 104 of foSer deWce IM T^'i?^ "^"^ ^04. These elements are show diagmm- 

N-channel MOS^^S^^LSS 1 S N ^'.'^"^ material 20«. Positive reservoir capacitor 

l^^^J^bTco^T^f^^J'^;^ Pacitor34.isshownconnectedtothe^bstraSrterS- 
S'as'^lJ^^ p'KLS*^"*" " Positive transfer capacitor 10 and 

ouaiatur Ai^. negative transfer capacitor 24 are shown connected to 
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the sul^tiate via terminal pads 214, 216, 218 and 220 
resi>ectively. An input voltage is provided to the circuit 
at Vcc input terminal pad 222 and ground input termi- 
nal pad 224. Those of ordinary skill in the art will 
readily realize that ground input terminal 224 and termi- 
nal pad 208 may in some embodiments be the same 
connection terminal pad The data input to RS-232 
transmitter 202 is provided at terminal pad 226 and the 
output of RS-232 transmitter 202 is provided at terminal 
pad 228. The data input to RS-232 receiver 204 is pro- 
vided at terminal pad 230 and the data output of RS-232 
receiver 204 so provided at terminal pad 232. 

A monolithic integrated circuit containing the dual 
charge pump power supply 200 and RS-232 transmitter 
202 and receiver 204 may be fabricated as a monolithic 
integrated circuit. The only outboard components re- 
quired for operation of the circuit are positive and nega- 
tive reservoir capacitors 22 and 34 and the positive and 
negative transfer capacitors 10 and 24. 

While the preferred embodiment of FIG. 7 shows a 
single RS-232 transmitter 202 and a single RS-232 trans- 
mitter 204, those of ordinary skill in the art will readily 
recognize that other combinations of receivers, and 
transmitters could be added without departing from the 
spirit of the invention. It is noted, however, that an 
embodiment of the circuit of FIG. 7 which contains 
only one or more RS.232 receivers 204, and no RS-232 
transmitters 202, does not require a negative power 
supply connection. This is because the negative swing 
of the RS-232 format signal is usually disregarded by 
the receiver circuitry. 

The RS-232 transmitter circuit 202, as weD as the 
RS-232 receiver circuit 204 may be conventionaUy con- 35 
figured out of CMOS elements as is well known in the 
art For example, RS-232 transmitter circuit 202 may be 
a CMOS inverter with a level shifter to translate TTL 
logic levels to the RS-232 format, as is known in the art 
Alternatively, it may be configured similarly to the MC ^ 
1488 circuit, manufactured by Motorola. RS-232 re- 
ceiver circuits 204 may be a CMOS inverter with a level 
shifter to translate the incoming RS-232 format signal to 
TTL logic levels as is known in the art Alternatively, it 
may be configured similarly to the MC 1489 circuit 
manufactured by Motorola. 

A preferred embodiment of the present invention has 
been disclosed. Those of ordinary skill in the art will 
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1. An integrated single-chip voltage supply compris- 
ing: 

a means adapted to be connected to a supply voltage 
for charging a capacitor approximately to a supply 
voltage; 

a means for coupling said charged capacitor in series 
with said supply voltage to create a source of posi- 
tive voltage approximately double the supply volt- 
age; and 

a means for inverting said doubled voltage and mak- 
ing it available on the same chip, thereby providing 
a source of two available supply voltages on the 
same chip, one being a positive voltage approxi- 
mately two times said supply voltage, and the other 
being a negative voltage approximately two times 
said supply voltage. 

2. The integrated single-chip voltage supply of claim 
1 further characterized by said coupling means includ- 
ing a means for charging a second capacitor to approxi- 

20 mately two times said supply voltage, and said inverting 
means including a means for inverting the positive dou- 
bled voltage on said second capacitor to provide an 
available negative voltage on the same chip in magni- 
tude approximately twice said supply voltage. 

3. An integrated voltage supply and RS.232 transmit- 
ter circuit or the same semiconductor chip, comprising: 

an RS-232 transmitter circuit; 
a means adapted to be connected to a supply voltage 
for charging a capacitor approximately to a supply 
voltage; 

a means for couphng said charged capacitor in series 
with said supply voltage to create a source of posi- 
tive voltage approximately double the supply volt- 
age; 

a means for inverting said doubled voltage iid mak- 
ing it available on the same chip, thereby providing 
a source of two available supply voltages on the 
same chip, one being a positive voltage approxi- 
mately two times said supply voltage, and the other 
being a negative voltage approximately two times 
said supply voltage; and 
means connecting said doubled voltage and said m- 
verted doubled voltage to said RS.232 transmitter 
circuit for powering said RS-232 transmitter cir- 
cuit. 

4. The integrated single-chip voltage supply of claim 
3 further characterized by said coupling means includ- 
mg a means for charging a second capacitor to approxi- 
mately two times said supply voltage, and said inverting 
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readily recognize that other embodiments are oossible "^^^^ ^? ^« ^ supply voltage, and said in vertin^ 
which do not differ in material respeclTlt Tthe T^"^^ ^ ""f^ 
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ABSTRACT 



An integrated circuit includes a charge pump to provide 
current at a potential which is greater than a supply 
potential. An oscillator provides an output to a pair of 
capacitors. Each capacitor is bypassed respectively by 
one of a pair of clamp circuits. An output transistor is 
gated by one of the clamp circuits to maintain a continu- 
ous output at an elevated potential, while reducing 
power loss caused by impedances within the charge 
pump circuit. By using the charge pump as a source of 
elevated potential, the circuit layout of the DRAM 
array is simplified and the potential boosting circuitry 
can be locataed outside of the array, on the periphery of 
the integrated circuit. When used with an integrated 
circuit device, such as a DRAM, the current from the 
charge pump may be supplied to nodes on isolation 
devices and nodes on word lines, thereby improving the 
performance of the DRAM without substantially 
changing the circuit configuration of the DRAM array. 

13 Claims, 4 Drawing Sheets 
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HIGH EFTiaENCy CHARGE PUMP CIRCUIT 

FIELD OF THE INVENTION 

This invention relates to semiconductor circuit de- ^ 
vices and more particularly to circuitry for providing 
current to sense amps on semiconductor integrated 
circuits. The invention is particularly applicable to dy- 
namic random access memory devices (DRAMs). 

BACKGROUND OF THE INVENTION 

The invention uses various materials which are elec- 
trically either conductive, insulating or semiconduct- 
ing, although the completed semiconductor circuit de- 
vice itself is usually referred to as a "semiconductor". 
One of the materials used is silicon, which is used as 
either single crystal silicon or as polycrystalline silicon 
material, referred to as polysilicon or "poly" in this 
disclosure. 

In the operation of certain semiconductor circuit 
devices, it is necessary to draw up a node of the sense 
amp to a potential above Vcc- In the conception of the 
present invention, these nodes occur on iso (isolation) 
devices on an array of a memory device and on word 
lines. Memory devices which use such iso devices on an 
array include DRAMs (dynamic random access memo- 
ries). A typical arrangement of DRAM memory cells 
with a sense amp is shown in FIG. 1. Other types of 
memory devices, such as static RAMs and video RAMs 
also may have similar circuit arrangements. An isolation 30 
device (iso device) is present in order to isolate a digit 
load from the sense amp, so that the sense amp can 
amplify the signal faster than if the digits were directly 
attached to the sense amp. 

Gating an iso device with a higher potential speed 35 
read time reduces the required size of the iso device. 
These results are obtained because an increase in poten- 
tial increases Vgs- 

In a DRAM, the iso device is used with either multi- 
plexed or non-multiplexed sense amps. In the case of 40 
multiplexed sense amps, reducing the size of the iso 
device allows configuring the circuit layout with the 
iso-devices "on pitch" (two pitch) rather than in a four 
pitch pattern. This simplifies layout design because the 
two pitch layout provides a configuration in which, for 45 
each sense amp, both iso devices are individually 
aligned with that sense amp. With four pitch layout 
patterns, more than one sense amp must be balanced as 
a unit. 

The decrease in device width is obtained because 50 
increasing potential to gate gives the device a greater 
effective electrical transistor width. 

In the prior art, bootstrapping had been used in order' 
to charge nodes of a circuit to an increased potential A 
typical bootstrap circuit is shown in FIG. 2. The boot- 55 
strap circuit provides an increased voltage level in re- 
sponse to a particular sequence, such as the receipt of a 
timing signal. The charge pump, on the other hand, 
provides a continuous output and an increased poten- 
tial. The continuous high-potential output means that 60 
timing of the high-potential supply is not critical. This is 
particularly important when a high-potential node is 
used for the word line of a DRAM memory device, 
since the time required to select and address the word 
line is critical to the access speed of the DRAM. 65 

Because the boot strap circuit is timed, individual 
boot strap circuits must be provided for each of several 
nodes, each of which receives current at the elevated 



potentials at different times. The charge pump, with its 
continuous output, can be used for supplying current to 
each of these nodes. 

Boot strap circuits were also located at the location of 
the device controlled by the boot strap circuit. This was 
because individual boot strap circuits were dedicated to 
particular driven circuits in which different sequences 
were timed. Because the boot strap circuits were dedi- 
cated to particular driven circuits and because the boot 
strap circuits were timed to coincide with operation of 
the particular driven circuit, the amount of circuit area 
utilized by all of the circuitry was increased. This in- 
crease could occur despite the possibility of having 
smaller individual transistors in the driven circuits. 

The ability to write a continuous voltage supply is 
particularly important in the case of word lines on 
DRAM devices. This is because, in DRAMs, word line 
addressing is particularly critical with respect to the 
speed of the part. Therefore, while providing a charge 
pump rather than a boot-strap circuit, the timing of the 
elevated potential output is not a condition precedent to 
word line access, simply because the charge pump out- 
put is not timed. 

Prior art charge pumps consisted of an oscillator and 
capacitor. In order to prevent latchup, a clamp circuit 
was used in order to control current from the oscillator 
to one side of the capacitor. The use of an oscillator and 
capacitor with a single clamp circuit provided a rela- 
tively constant elevated potential, but was somewhat 
inefficient when compared to a boot strap circuit. It 
would be desirable to provide a charge pump circuit 
which has the relative efficiencies of a boot strap circuit 
but yet provides a continuous output such as is associ- 
ated with a charge pump. 

Prior art charge pumps use an oscillator and capaci- 
tor, along with a clamp circuit. The oscillator provides 
current at a supply potential to one side of the capacitor 
and the clamp circuit is used to charge the other side. 
The current supplied to the capacitor by the oscillator 
generates an increased potential at an output node of the 
circuit. This prior art circuit is shown in FIG. 3. 

It is desirable to design an auxiliary circuit, so that in 
the event that the auxiliary circuit does not function as 
anticipated, the auxiliary circuit can be bypassed. Spe- 
cifically, during the design of an integrated circuit such 
as a DRAM, it is not known whether the electrical 
characteristics of the charge pump will exceed the limits 
of the circuit which receives the current from the 
charge pump. If the limits are exceeded, it is desirable to 
be able to make a small modification in the masks and 
thereby bypass the'charge pump without sacrificing the 
remainder of the circuit design. 

It is also likely that different product applications for 
integrated circuit parts may have different requirements 
of speed and supply voltage. If the auxiliary circuit 
provides a desirable function for one product applica-. 
tion, but would make the part unsuitable for another 
product application, it would be desirable to be able to 
selectively bypass the auxiliary circuit. This would en- 
able a single integrated circuit layout design to be used 
for both pans. 

Ideally, an auxiliary circuit should automatically re- 
spond to circuit conditions which makes the auxiliary 
circuit unsuitable for its application. For example, a 
voltage boosting circuit would ideally attenuate its in- 
creased potential output or bypass itself as external 
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system voltage becomes sufHciently high to make the 
use of the boosting drcuit undesirable. 

SUMMARY OF THE INVENTION 

In accordance with the present invention, an inte- 5 
grated circuit device includes a charge pump to provide 
current at a potential which is greater than a supply 
potential. The current is supplied to certain nodes on 
the integrated circuit device in order to enhance the 
performance of the integrated circuit device. 10 

When used with an integrated circuit device, such as 
a DRAM, the current from the charge pump may be 
supplied to nodes on isolation devices and nodes on 
word lines. This allows the nodes to be operated at an 
elevated potential, thereby improving the performance IS 
of the DRAM. This enhanced performance is achieved 
without substantially changing the circuit configuration 
of the DRAM array, so that, in the event that the use of 
the charge pump proves to be inopportune, the charge 
pump can be bypassed by minor changes in the masks 20 
used to produce the integrated circuit device. This con- 
figuration allows the same basic mask layout to be used 
in different DRAMs designed to operate under different 
parameters. 

It is further possible to alter the inventive integrated 25 
circuit to function without its charge pump by fuse 
repair techniques. Fuse repair techniques permit a cir- 
cuit on a device to be deliberately "damaged" by either 
direct application of energy, such as laser cutting, or by 
application of an excess amount of electrical energy 30 
through connection points (pinout connections) on an 
integrated circuit. This removes the functionality of a 
part of the circuit, and bypasses that circuit In the case 
of a charge pump, the fuse repair would either permit 
the charge pump circuitry to directly conduct supply 35 
current to the output node of the charge pump, or 
would permit a separate circuit to conduct to tiie output 
node in lieu of the charge pump. 

Likewise, it is possible to provide the charge pump 
with an overvoltage shutoff circuit. The overvoltage 40 
shutoff circuit would permit the charge pump to oper- 
ate under conditions of low supply voltage, but allows 
the charge pump to be effectively bypassed when sup- 
ply voltage is sufficiently high to make bypass desirable. 

In accordance with the further aspect of the inven- 45 
tion, the charge pump is designed to operate at a higher 
efficiency by the use of a pair of clamp circuits. An 
oscillator provides an output to a pair of capacitors. 
Each capacitor is bypassed respectively by one of the 
clamp circuits, and the clamp circuits are separately SO 
timed. The output of the first capacitor is also con- 
nected to an output transistor which is gated by the 
second clamp circuit connected in parallel to the,second 
capacitor. The controlled gating of the output transistor 
permits the clamp circuit to maintain a continuous out- 55 
put at an elevated potential, while reducing power loss 
caused by impedances within the charge pump circuit. 

By using the charge pump as a source of elevated 
potential, the circuit layout of the DRAM array is sim- 
plified and the potential boosting circuitry can be lo- 60 
cated outside of the array, on the periphery of the inte- 
grated circuit. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shows a configuration of sense amps in a 65 
DRAM array; 

FIG. 2 (prior art) shows an equivalent circuit of the 
output of a bootstrap circuit; 



FIG. 3 (prior art) schematically shows a prior art 
configuration of a charge pump; 

FIG. 4 schematic block diagram of a charge pump 
constructed in accordance with the present invention; 

and 

FIG. 5 schematically shows the charge pump of HG. 

4. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

Referring to FIG. 1, a sense amp 11 is connected 
between digit and digit* lines 13, 15 on a memory array. 
The digit and digit* lines 13, 15 are connected to an 
array of memory cells, such as cells 21-28 shown. 

The memory cells 28-28 are connected to the digit 
and digit* lines through word lines, such as word line 
31. Iso devices 33, 35 are used to gate the current be- 
tween the sense amp 11 and either of the digit and digit* 
lines 13, 15 in order to permit the differential amp 11 to 
sense the relative levels of the digit and digit* lines 13, 
15. By selectively gating one of the memory cells 21-28 . 
to either the digit or the digit* lines, it is possible to 
detect the memory storage level in the memory cell. 
The memory storage level is either higher or lower than 
that of the unconnected digit and digit* lines, according 
to whether the bit represented by that level is a logical 
low (zero) or high (one). Hence, the sense amp is a 
differential amplifier which senses the difference be- 
tween one of the digit and digit* lines connected to a 
selected memory cell and the other one of the digit and 
digit* lines, which is not connected to a cell. 

In order to increase the sensitivity of the differential 
amp 11 and to permit the differential amp 11 to more 
rapidly respond to the differential potential in the digit 
and digit* lines 13, 15 of the iso devices 33, 35 must have 
a relatively large effective transistor width. One way to 
accomplish this without increasing the physical size of 
the iso devices 33, 35 is to gate the iso devices 33, 35 at 
a slightly elevated potential. In other words, it is advan- 
tageous to have Vqs greater than Vco Having Vcs 
greater than Vcc reduces resistance between gate and 
source, thereby increasing effective transistor width. 

This is a trade off because smaller iso devices make 
sensing faster but slows down the time to fully dis- 
charge the DIGIT and DIGIT* lines to ground. Bigger 
iso devices allow DIGIT or DIGIT* to be written to 
opposite states faster. For a given desired drive ability, 
the iso device can be smaller if Vcs is elevated. Further- 
more, a smaller iso device is easier to design into high 
density circuitry. 

If a bootstrap circuit is used to provide an elevated 
voltage, the equivalent circuit appears as shown in FIG. 
2. The bootstrap circuit includes a boost capacitor 41 
which provides current at an elevated potential at node 
43. The node 43 has a strong capacitance, indicated at 
45. This strong capacitance 45 may be unpredictable 
until the circuit is constructed, but is believed to stabi- 
lize the potential from the charge pump and, in effect, 
function as an integral pan of the charge pump circuit. 

FIG. 3 shows a prior art charge pump 51. As can be 
seen, the charge pump consists of an oscillator 53, 
which provides its output to a capacitor 55 and to a 
diode 57. The output of the oscillator is also connected 
to a clamp circuit 61, which functions to provide cur- 
rent to an output node 63. 

The inventive circuit, shown at FIGS. 4 and 5, uses 
two clamp circuits 71, 72. This increases the efficiency 
of the charge pump and thereby provides a higher po- 
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tential with less power consumption. An oscillator 75 
provides its output to first and second capacitors 81, 82. 
The clamp circuits 71, 72 are connected across the ca- 
pacitors 81, 82. 

The oscillator 75 is a ring oscillator which can be 5 
metal mask adjusted to increase or decrease frequency. 

Instead of diode 57 (FIG. 3). an output transistor 85 is 
connected between node 87 of capacitors 81 and a cir- 
cuit output 89 node. The circuit output is an elevated 
potential current source, and is identified as Vccw- The 
combination of clamp circuit 72 and capacitor 82 is used 
to control the output of the charge pump. 

Both clamp circuits 71, 72 turn on and off at the same 
time, but the connection of clamp circuit 72 across 
capacitor 82 and in series with the output transistor has 
the result that the operation of the second clamp circuit 
72 causes the output transistor 85 to conduct when 
potential at the node 87 is at a high potential. The rising 
edge of the oscillator 75 couples a high voltage through 
the capacitors 81, 82 which shuts the clamps 71, 72 off 
and allows the nodes 87, 89 to go high. The falling edge 
of the output of the oscillator 75 couples a drop in po- 
tential through the capacitors 81, 82, at which point, the 
clamps 71. 72 turn on, preventing the nodes 87, 89 from 25 
going low. 

The line capacitance at the output and the capaci- 
tance of the load, represented as 91, 92 cooperate with 
the switched output of capacitor 81 in order to provide 
a boosted potential output to the load (at 92). A decou- 30 
pling capacitor 93 further cooperates with the charge 
pump in order to provide a steady boosted output. 

An overvoltage shutoff circuit 95 is provided in order 
to prevent the potential at the load from exceeding a 
predetermined value. The overvoltage shutoff circuit 35 
95 senses a high voltage on the output node 89. When 
that level goes above a certain threshold,' the shutoff 
circuit causes the oscillator 75 to stop oscillating. After 
enough charge has leaked off, the pumped potential at 
node 89 will eventually drop after supplying the row ^0 
lines and/or iso devices with charge. The overvoltage 
shutoff circuit 95 will then turn on the oscillator 75 and 
allow the oscillator 75 to run again. 

In the preferred embodiment, the overvoltage shutoff 
circuit 95 provides an ENABLE output to the oscillator 
75. The connection of the overvoltage shutoff circuit 95 
to the oscillator 75 is configured an a NAND gate, 
thereby disabling the oscillator when the ENABLE . 
output goes low. ^ 

On the other hand» if the potential provided by the 
charge pump is inadequate, a diode connected transistor 
97 is used to effectively bypass the charge pump. This 
transistor 97 is an n channel device connected to a sup- 
ply voltage node Vcc The transistor 97 will conduct 55 
from Vcc to node 89 as long as V cciy<{ycc—^ t)- It is 
off whenever VcOi^Xycc-^T)- This portion of the 
circuit also helps charge up Vccfvon power up. 

We claim: 

1. In a semiconductor circuit device having a signal $0 
generating source, at least one signal line which is pre- 
charged to operating levels, a signal level voltage 
source providing current at a signal level potential, a 
circuit connected to the signal line which accepts an 
elevated potential above a potential of the signal level 65 
voltage source, and a precharge circuit which pre- 
charges the signal line» the precharge circuit compris- 
ing: 
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(a) an oscillator receiving current from the signal 
level voltage source and providing an oscillating 
output; 

(b) a capacitor connected between the. oscillator and 
a first node; 

(c) a first switching circuit connected in parallel with 
the capacitor and providing a timed output in re- 
sponse to the oscillating output; 

(d) a second switching circuit connected in series 
with said capacitor, between said capacitor at the 
first node and an output node; 

(e) a third switching circuit controlling the second 
switching circuit in a timed sequence with respect 
to said timed output; and 

a decoupling capacitor connected to the output node, 
the decoupling capacitor providing a storage ca- 
pacity sufficient to maintain said elevated potential 
at a potential above the signal level potential dur- 
ing a substantial portion of an operating cycle of 
the semiconductor circuit device. 

2. The semiconductor device as described in claim 1, 
further comprising: 

(a) the first switching circuit including an output 
transistor having a source and drain connection in 
said series connection between the first node and 
the output node; and 

(b) a third switching circuit, the third switching cir- 
cuit controlling the second switching circuit by 
gating the output transistor. 

3. The semiconductor device as described in claim 1, 
further comprising: 

a second capacitor connected in parallel with the 
third switching circuit. 

4. The semiconductor device as described in claim 1, 
further comprising: 

a potential maintenance transistor connected to con- 
duct from the signal level voltage source at times 
when potential at the output node falls below a 
predetermined potential with respect to the poten- 
tial of the output node and to present an open cir- 
cuit when potential at the output node is greater 
than the potential of the signal level voltage source. 

5. The semiconductor device as described in claim 4, 
further comprising: 

the potential maintenance transistor having a source 
and drain connection in a series connection be- 
tween the signal level voltage source and the out- 
put node, and the potential maintenance transistor 
being connected with its gate to the signal level 
voltage source 

6. The semiconductor device as described in claim 1, 
further comprising: 

(a) means to maintain the output node at a predeter- 
mined minimum potential by conducting current 
from the signal level voltage source; and 

(b) a potential limiting circuit responsive to potential 
. at the output node, the potential limiting circuit 

attenuating the output of the precharge circuit to 
limit the potential at the output node. 

7. In a semiconductor circuit device having a signal 
generating source, at least open signal line which is 
precharged to operating levels, a signal level voltage 
source providing current at a signal level potential, a 
circuit connected to the signal line which accepts an 
elevated potential above a potential of the signal level 
voltage source, and a precharge circuit which pre- 
charges the signal line, the precharge circuit compris- 
ing: 
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(a) an oscillator receiving current from the signal 
level voltage source and providing an oscillating 
output; 

(b) a first capacitor connected between the csctllatcr 
and a first node; 5 

(c) an output switching circuit connected in series 
with the first capacitor, between the first capacitor 
at the first node and an output node, the output 
switching circuit including an output transistor 
having a source and drain connection in said series 10 

• connection between the first node and the output 
node; 

(d) a first clamp circuit connected in parallel with the 
first capacitor and providing a timed output in 
response to the oscillating output; and IS 

(e) a second clamp circuit controlling the output 
switching circuit in a timed sequence with respect 
to said timed output, the second clamp circuit con- 
trolling the output switching circuit by gating the 
output transistor. 20 

8. The semiconductor device as described in claim 7, 
further comprising: 

a second capacitor connected in parallel with the 
second clamp circuit 

9. In a dynamic random access memory array, which 2S 
includes an array of capacitor cells corresponding to 
memory address locations, at least one signal line which 

is pirecharged to signal sensing levels, a circuit for pro- 
viding signals corresponding to signal levels in the ca- 
pacitor cells to the signal line, a prccharge circuit which 30 
precharges the signal line, an equalization transistor for 
equalization of the precharge signal levels across the 
signal line, a signal level voltage source, the circuit 
device comprising: 

(a) an oscillator receiving current from the signal 35 
level voltage source and providing an oscillating 
output; 

(b) a capacitor connected between the oscillator and 
a first node; 

(c) an output switching circuit connected in series 40 
with said capacitor, between said capacitor at the 
first node and an output node, the output switching 
circuit including an output transistor having a 
source and drain connection in said series connec- 
tion between the first node and the output node; 45 

(d) a first clamp circuit connected in parallel with said 
capacitor and providing a timed output in response 
to the oscillating output; and 

(e) a second clamp circuit controlling the output 
switching circuit in a timed sequence with respect 50 
to said timed output, the second clamp circuit con- 



trolling the output switching circuit by gating the 
output transistor. 
' 10. The dynamic random access memory array de- 
scribed in claim 9, further comprising: 
a second capacitor connected in parallel with the 
second clamp circuit. 

11. In a random access memory array, which includes 
an array of capacitor cells corresponding to memory 
address locations, at least one signal line which is pre- 
charged to signal sensing levels, a circuit for providing 
signals corresponding to signal levels in the capacitor 
cells to the signal line, a precharge circuit which pre- 
charges the signal line, an equalization transistor for 
equalization of the precharge signal levels across the 
signal lines, a signal level voltage source, the circuit 
device comprising: 

(a) the precharge circuit including a ring oscillator 
providing an elevated potential output at an output 
node, whereby isolation devices on the memory 
array and word lines are supplied with current by 
the precharge circuit; and 

means to maintain the output node at a predetermined 
minimum potential by conducting current from the 
signal level voltage source, said means including a 
potential maintenance transistor connected to con- 
duct from the signal level voltage source at times 
when potential at the output node falls below a 
predetermined potential with respect to the poten- 
tial of the output node and to present an open cir- 
cuit when potential at the output node is greater 
than the potential of the signal level voltage source, 
the potential maintenance transistor having a 
source and drain connection in a series connection 
between the signal level voltage source and the 
output node, and the potential maintenance transis- 
tor being connected with its gate to the signal level 
voltage source. 

12. The random access memory array described in 
claim 11, further comprising: 

a potential limiting circuit responsive to potential at 
an output node, the potential limiting circuit atten- 
uating the output of the precharge circuit to limit 
the potential at the output node. 

13. The random access memory array described in 
claim 11, further comprising: 

a potential limiting circuit responsive to potential at 
an output node, the potential limiting circuit atten- 
uating the output of the precharge circuit to limit 
the potential at the output node. 

• • * * * 
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[37] ASSTUACT 

A chaise pump circuit for charging a capacitor in re- 
sponse to a ^lase diffetcooe between fint and second 
input signab co m p rise s a constant current source for 
providing a first constant current; a constant current 
sink for absorbing a second constant current; a circuit 
for substantially equalizing the oiagnitudes of the first 
and second constant currents; and a switching circuit 
for providing the first constant current and the second 
coostuit current flowing in opposed directions to the 
capacitor through an output tenninal of the charge 
pump circuit in r e sp o nse to the phase difference be- 
tween the first and second input signals to producie a 
voltage level across the capacitor corresponding to the 
phase difference. In a phase locked loop system employ- 
iaig such a charge pomp circuit, a phase comparator 
produces a phase dtfiferenoe signal for controlling the 
pravisidn of the fim and second constant currents by 
the switching circuit to the c^iacitor. The capacitor 
acts as a loop filter supplying the voltage thereacross as 
a control voltage to a vdtage controlled oscillator of 
the phase locked loop system. 
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state, whereupon the second phase diflerence signal D 
CHARGE PUMP CIRCUIT is raised to a logic T sute. 

With reference agam to FIG. 1, the first and second 
BACKGROU>a> OF THE INVENTION phase difference signak U and D are supplied to rcspec- 

1. Field of the Invention ' *"P"^ °^ " charge pump circuit 5. With reference 
The present invention generally reUtes to charge ^ ^ ^9 it wiU be seen that the charge pump 

pump circuits, for example, for use in a phase locked ^122! i "Eludes a p<hannel field effect transistor 
loop (PLL) system. (FET) Qa whose gate is connected to output U' of the 

2. Description of The Prior Art '^L^'*'/^ comparison drcuit 4 to receive the first 
no. 1 iUustiates a conventional PLL utilizing a L difference signal U therefrom and whose drain- 

digital phase comparison dicuit 4. A referenixSa- "^""^ """^"^^ ^"P**^ * P*^^^* 

J^ VZJj^u. ^ (Si? P"°»P ^- Th* charge pump circuit 5 also 

d^nJ^^^f l^iXTi^f^ toa fttquaicy. includes an n^hamiel FET Qb whc^ gate electrode is 
T ^ " ^ ^"^"""^y^^ ^ 15 coupled through an inverterQc with Sutput D of the 

^S^Al^^f^^""^ R at an output ler. digital phase comparison circi^4 to receive the second 
mmal of the circuit i TTie frequency^vtd«l «^ ph3« difference signal D therefrom. The sourcenlrain 
has a reference frequency, for example, of 25 kHz. The path of the FET Qb is coupled between the output 
output teiminai of the frequaicy-divtding circuit 2 is tenninal 20 of the charge pump circuit 5 and a circuit 
coupled with an mput terminal R' of the digital phase 20 ground. 

comparison circuit 4 to provide the frequency-divided A loop fUter 6 includes an operational amplifier Qd 
signal R thereto as a first phase comparison signal. having an mverting input terminal coupled through an 

A voltage controlled oscillator (VCO) 7 produces an input resistor Ra with the output terminal 20 of the 
oscillation signal which it supplies to the input of a charge pump circuit 5. An output terminal of the opera- 
variable frequency-dividing circuit 3 simultaneously 25 tional amplifier Qd is coupled with a control voltage 
with the provision of the reference oscillation signal to terminal of the VCO 7. A first feedback capacitor Ca is 
the frequency-dividing circuit 2. TTie variable firequen- coupled between the output terminal of the operational 
cy-dividing circuit 3 divides the frequency of the oscil- amplifier Qd and its inverting input terminal. A second 
lation signal from the VCO 7 by a divisor N to provide feedback capacitor Cb has a first terminal connected 
a frequency-divided signal V which it supplies to a 30 with the output terminal of the operational amplifier Qd 
second input terminal V of the digital phase compari- ^ second terminal connected with a first terminal of 

son circuit 4 as a second phase comparison signal. ^ feedback resistor Rb having a second tenninal con- 

With reference to FIG. 2, the digital phase compari- nccted with the inverting input terminal of the opera- 
son circuit 4 includes nine NAND gates connected as ^^ooti^ amplifier Qd. In this manner, the loop filter 6 
shown therein. With reference also to FIG. 3, the digital ^ * mirror integrating circuit, 

phase comparison circuit 4 is operative to provide a first ^""^ ^ phase of the first phase corn- 

phase difference signal U at a first output terminal U' psrison signal R leads the phase of the second phase 
thereof and a second phase comparison signal D at a comparison V. the voltage applied to the gate of the 
second output terminal D' thereof in response to a phase ^ periodically brought low by the first phase 

difference between the first and second phase compari- ^ diff«»ce signal U to turn ON the FET Qa. Since the 
son signals R and V received at the input terminals R' phase difference signal D rem ains a t a logic 

and V\ respectively. More specifically, when the first voltage) the gate of the FET Qb remains 

phase comparison sipial V is delayed in phase with ^ ground potential so that the FET Qb is 

respect to the second phase comparison signal R, as Accordmgly. while the phase of the first phase 

shown in the left side of FIG. 3, the fint phase differ- comparison signal R leads that of the second phase 
ence signal U changes from a logic "1" state (a high ^^np^nson signa^ V, the loop fUter 6 is charged by the 
voltage level) to a logic *Xr state (a low voltase levd) ^ST" "fl^ "^^^^ whenever the first phase 

upon a transition of the phase comparison signalR from goes low in a logic state. Con- 

a logic -I" state to a logic IT inue. Tbefirst phase ^ the phase of the second phase 

difS«ice signal U ther^ remains in ^ tegii^ ^ comparison si^ V ^ that of the first phase corn- 
state unta the phase comparison signal V subseoMntly ^PlL J ^ Qa is maintained in an OFF 
falls from a lo^ "r stttTtoTteric^- ^Z^^Sre^ ^^^^^ '^^^ 
upon the firstlLe differ«^ U ri^ a^c J?Sll^ l^?,^ k " ^"""^.^^ 

state. TheL^ndphasediffeS^si^D^^M^ 5S L^ufaf ?ri^i:^rl'^^^ 
inalogicn-statesolongasthephaseofSefirst^ SL^SL^n^^C^^'^^ 

phase comparison ^gnal V leads that of the first phase « logic^?iXe^?f^i^^ 

W ^ * Accordingly, the loop filter 6 peaces a dc 

S^han«^?.^^ r difference signal voltage level at the output tenJinal thereof correspond- 

froin a logic 1 state to a logic state ing with the phase difference between the firsrand 
I • ™ ,f«»«.Pn«« comparison signal V faUs from 65 second phase difference signals U and D. 
a logic I state toa logic -XT state and thereafter re. As noted above, the dc voltage level produced at the 
logic -V* state until the first comparison output of the loop filter 6 is applied to the control volt- 
signal R also falls fhmi a logic state to a logic *V age terminal of the VCO 7 so that, in a stationary sute 
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the VCO 7 produces an osciUation signal whose frc- ond phase comparKm sipd V is advanced in ph^ 

mTencv " N fim« ihe frequency of the phase compari- with respect to the fifsi phase comparison signa R (for 

R^m fSS di^^<ii^g circuit 2. the van- example, as shown by tl«d«hed to^ wavefom m FIG. 

S^"^u«cy^vlSig ci^uit 3. the digital phase com- 5B), the first «?djecond phase d^^^ I'^'S^ 
Mrison circuit 4 and the charge pump ciicuit 5 may be 3 D are mmntamcd m a logic -JT state. Acoordmgly, 

EtS ^ a single chip ime^ratSl circuit 15 (see unless the pl»se difference AG ^JT^^^ 

-Practical Use Guide to PLL". pages 125-127, dated piedetermmed magnitude definmg the extremes of tte 

Au£ 30 1974 by Seibundoshinkosha and Japanese dead lone interval, the charge pump circuit 5 will na- 

LaS-Op^ Paint No. 51-139758 published Dec. 2, ther charge nor discharge the loop filter 6. 
ijiia-v./pcn rawaii i w k comparison circuit 4 and the charge 

WUh rrference again to HG. 2, the phase comparison pump circuit 5 are constnicted as above so that indcf: 
circuit 4 ideally wovides the first and second phase inite charging period exists (as rcprwented by the d^ 
difTerence signals U and D in a logic "1" state whenever continuous line A m FIG. 6) or where a dead zone 
Se^S comparison signals R and V are in phase. interval b provided (as shown by the brok«i hne B of 
Itowel^.duetoiir 13 RG. the phase locked loop exhibits a d^erent natu- 

circuit elements comprising the phase comparison cir- ral frequency din and dampmg coefficient J when opcr- 
c^ upon the simultanSus high to low logic state ating in a phase locked condition than while operatmg 
ZJk^of the in-phase first aiS^second phase com. in an unlocked condition. Accordmg^y. the mitura^ 
parison signah R and V (as shown by the solid hne frequency and dampmg coefficient of the phase-locked 
^omi in FIG. 5A) both the first and second phase 20 loop cunot be optimized ^^^F^^:}^^^^^ 
difference signals U and D are then brought to a logic of the osciUation frequency of the VCO 7 deteriorates. 
"0- state forfbrief but significant period of time. When The foregoing r«ults in the deteiwration of the earner- 
the second phase comparSon signal V becomes delayed tOHioise ratio where, for example, the output of tb€ 
to p^^th respecTtoAe fim phase comparison VCO 7 is utilized to provide a lo^oscUUuon signal for 
sigMlR by a very smaU amount as shown by the dashed 25 a radio recover. Moreover, where the c?nv«itionaJ 
liMin na SA. the fiist and second phase difference phase locked loop as descnbed above, is utiUzcd for FM 
simals U and D are suddenly placed in logic states moduUttion. the modulated output signal exhibits distor- 
fl^5«r to those illustrated in the left-hand side of HG. tion as a consequence of dctcnoranon m the punty of 
3. although a briefinterval may exist during which both the oscillation frequency. 

sionals are simultaneously in a logic *'0'* state. Altema- 30 A further disadvantage inherent m the conventional 
ti^ where the second phase comparison signal V phase locked loop described above is an unavo^ble 
becomes advanced in phase by a very smaU amount dependency between the loop gain and the cut-off fre- 
with respect to the first phase comparison signal R the quency of the loop fUter 6. That is, although the loop 
first and second phase difference signals U and D arc gain can be adjusted by selecting the ^tio brtwcen the 
suddenly placed in states similar to those iUustratcd in 35 resistance values of the resistors Ra and Rb. this like- 
the right-hand side of FIG. 3. The resulting relationship wise changes the cut^>ff frequency of the loopruier 6. 
between the phase difference AS. (that is. the phase The design of the conventional phase locked loop, 
difference of the second phase comparison signal V therefore, is inherently inflexible. In addition, the con- 
with respect to the first phase comparison signal R) and ventional phase locked loop requires the use of the 
the charSng and discharging periods controlled by the 40 operational amplifier Qd for constructing the loop fUter 
first and second phase difference signals U and D. is 6, resulting in a poor space factor and increased cost, 
mustrated by the line A in FIG. 6. In HG. fi. the axis of OBJECTS AND SUMMARY OF THE 

ordinates represents the reUtive charging and discharg- INVENTION 
ing periods of the loop fUter 6. whUe the axis of abscis- 

stt represents the retotive phase delay or advance of the 45 Accordingly, it is an object of this invention to pro- 
second phase comparison signal V with respect to the vide an improved charge pump circuit and an miproved 
first phase comparison signal R. It wiU be seen from phase locked loop system which avoid the above mcn- 
FIG. 6 that an indefinite charging period exists where tioned disadvantages and problems associated with the 
the signals R and V are either m phase or only slightly prior art , . 

out of phase so that the operation of the PLL is unstable 50 More specifically, it is an object of the procnt inven- 
under wch conditions. tion to provide a charge pump circuit for a phase locked 

In order to overcome the foregoing problem, it has loop which is capable of more reliably charging and 
been proposed that a dead zone interval be introduced discharging a loop filter thereof m proportion to a phase 
for phase differences Ae which do not exceed a prede- difference which is arbitrarily small, 
termined magnitude, so that, when the first and second 55 Another object of the present mvention is to provide 
phase comparison signals R and V are in phase, the first a charge pump circuit capable of reducmg the lock-up 
uid second iriiase difference signals U and D are reU- time of a phase locked loop system to thereby provide 
ably «>«mf«ini>ri in a logic **!'* sate. Aoooidiagly. the stable operation. 

combination of the operational delay times of the Still another object of the present mvention is to 
NAND gates and other circuit elements forming the 60 provide a phase locked loop system employing a charge 
comparison circuit 4 are changed so that the pump circuit for charging a loop filter wherein the 
relationship of the charging and discharging periods to cut-off frequency of the loop filter is mdependcnt of the 
the phase difference AG is instead expressed by the loop gain of the phase locked loop system, and vice 
broken line b of FIG. 6. That is, even when the second versa. 

phase comparison signal V is phase delayed with re- 65 Yet another object of the present invention is to pro- 
met to the first phase comparison signal R by a f«la- vide a phase locked loop system which has an advanta- 
tivdy smaU amount (for example, as shown by the solid gcous space factor and which can be made mexpen- 
line waveform illustrated in FIG. SB) or when the sec- sively. 
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In accordance wich an aspect of the present invcn- fUter incorporated in the phase locked loop circuit of 

rion. a charge pump circuit for charging capacttive HG. 1; 

means in response to a phase dilTerence between first FIGS. SA and 5B are waveform diagrams of frequen- 

and second input signals comprises constant current cy-divided, phase comparison signals input, respcc- 
source means for providing a first constant current; 5 tiveJy, to the phase comparison circuit of FIG, 2 and to 

constant current sinking means for absortnng a second a modified form thereof, and output phase diiTercnce 

constant current; means for substantially equalizing the signals therefrom, to which further reference is made in 

magnitudes of the first constant current provided by the explaining the operation thereof; 

constant current source means and the second constant FIG. 6 is a graph of certain operational charactcris- 
current absorbed by the constant current sinking means; >0 tics of prior art phase locked loop dicuits. including the 

and switching means for providing the first constant phase locked loop circuit of FIG. t and of the phase 

current and the second constant current flowing in locked loop system of the present invention; 

opposed directions to said capacitive means through an FIG. 7 is a partially block and partially* schematic 

output terminal of the charge pump circuit in response circuit diagram Ulustrating a first embodiment of a 
to the phase difference between the first and second >^ charge pump circuit and phase locked loop system in 

input signals for selectively charging and discharging accordance with the present invention: and 

the capacitive means to produce a voltage level thereof FIG. 8 is a partiaUy schematic and partially block 

corre^xmding to the phase difference. diagram iUustrating a second embodiment of a charge 

In accordance with another aspect ofthis invention, a pump circuit and phase locked loop system m accor- 
phase locked loop system comprises means for receiv- ^ dance with the present invention, 

ing a reference sig^; voltage controlled oscillator 

means for providing a phase adjustable output signal DETAILED DESCRIPTION OF THE CERTAIN 

controllable by a control voltage applied at a control PREFERRED EMBODIMENTS 

terminal thereof; means for producing a phase differ- With reference to FIG, 7. a phase locked loop system 
cnce signal representative ofa phase difference between ^ in accordance with a first embodiment of the present 

the reference signal and the phase adjustable output invention is illustrated therein. Elements of the FIG. 7 

signal of the voltage controlled oscillator means; means embodiment corresponding to elements shown in FIG. 

for producing the control voltage including constant 1 bear the same reference numerals, 

current s ource means for providing a first constant In a charge pump circuii 21 of the FIG. 7 embodi- 

current, constant current sinking means for absorbing a mcnt, the source-drain paths of p-channel reTs Q3 and 

second constant current, means for substantially equal- Q4 are connected in series between a positive voltage 

izmg the magnitudes of the first current provided by the power source terminal T3 and an output terminal Tj of 

constant current source means and the second constant the charge pump circuit 21. Charge pump circuit 21 also 
current absorbed by the constant current sinking means, 33 includes n<hannel FETs Qs and Q6 whose drain-source 

capadtive means for producing the control voltage, and paths are connected in series between the output termi- 

switchmg means for providing the first constant current nal T2 and circuit ground. The FET Qj is a current 

and the second constant current flowing in opposed source transistor which sup^ies a charging current ij of 

directions to the capacitive means in response to the constant magnitude in a first direction toward the out- 
phase difference signal for selectively charging and 40 put terminal Tj for charging a loop filter 22 described in 

discharging the capacitive means to produce the control greater detaU hereinbelow. The FET Qs is a current 

voltage corresponding to the phase difference signal; sink transistor which draws a discharging current i6 0f 

and means for applying the control voltage produced constant magnitude in a second direction from the out- 

by the capaative means to the control tenninal of the put terminal T2 to circuit ground for discharging the 

voltage control oscillator m^ 45 loop filter 22. The FET Q4 acts as a first switching 

These, and other objects, features and advantages of transistor for contiolUng the application of the charging 

Uie mvcntion, will be apparent in the following detaUed current ij supplied by the current source transistor Q3 

domimon of cei^ iUtstrativc embodiments thereof while the FET3 Q5 serves as a second switching transis^ 

whicb IS to be read m conjunction with the accompany- tor for controUing the flow of the discharging current 

mg drawmgsfonning a part hereof, and wherein oorre- 50 i« from the output terminal T2 to ground chroush the 

spondmg parts and components are identified by the current sink transistor Qe. 

same reference numerals in the several views of draw- A current mirror circuit 11 includes a p-channel FET 

Qi at an input side thereof, the FET Qi having a source 

BRIEF DESCRIPTION OF THE DRAWINGS electrode connected with terminal T3 and drain and 

mr- • ui i.^' e 55 gittc electrodes both connected to a control terminal T| 

u I ^^Vf.^lock diagram of an eiemplary prior art of the charge pump circuit 21. The FET Qjis arranged 

phase locked loop circuit utihzmg a digital phase eom- at an output side of the current mirror circuit 11 such 

pamwi circuit; that its gate electrode is coupled with that of the FET 

FIG. 2 IS a schematic diagram of a digital phase com- Q,. A fiirther p<hannd FET Q2 is also connected at the 

panson circuit moorporated in the phase locked loop 60 output side of the current mirror cirouit 11 such that its 

^^^^l-^'^ . gate electrode is coupled with that of the FET Qi and 

TO. d IS a waveform diagram of frequency^Uvided, its source electrode is connected with that of FET Oi to 

phase cOTipanson signals input to the i^iase comparison the terminal Ts. 

circuii of no. 2 and phase difference signals output A second current mirror circuit 12 includes an n- 
thcreby to whi^ reference is made in eiplaining the 63 channel FET Q? whose source electrode is connected to 

opmuon lUereof; circuit ground and whose drain and gate electrodes are 

^. * Ptnially schematic and partially block connected with the drain electrode of the FET O2. The 

diagram dlustratmg a charge pump circuit and a loop current sink transistor Q6 forms the output side of the 
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current mirror circuit U such that its gate electrode is logic 'IT state and the phase difference signal D is m a 
connected with that of the FET Q7. logic *T state, the switching transistor 0*KWn»<*^ ON 

The output terminal U' of the digital phase compari- and the switching transistor Q5 is turned OFF. Accord- 
son circuit 4 b connected to the gate electrode of the ingly, the constant current 13 is then provided to the 
first switching transistor Q4 and the output terminal D' 5 loop filter 22 to charge the capacitors Ci and C2 to 
of the digital phase comparison circuit 4 is coupled increase the level of the output voltage E6 of the loop 
through an inverter Qj to the gate electrode of the filter 22. Consequenily» the phase (that is, the oscillation 
second switching transistor Q5. The digital phase com- frequency) of the osdllation signal produced by the 
parison circuit 4 and the charge pump circuit 21 to- VCO 7 is advanced. Since the capacitors Ci and C2 are 
gether with the frequency-dividing circuits 2 and 3, are 10 charged by a current 13 havmg a constant magnitude, 
fabricated as an integrated circuit 23. as indicated in the voltage level E6 is Imearly increased thereby. 
FIG. 7. When the second phase comparison signal V b phase 

A resistor R2 is connected between the control termi- advanced with respiect to the first phase comparison 
nal T| and circuit ground. A resistor R| has a first termi- signal R so that the first phase difference signal U is in 
nal coimected to the control terminal Ti and a second IS ^ ^tate while the second phase difference sig- 

terminal connected with the collector of an non transis- nal D is in a logic 'XT state, the first switching transistor 
tor Q9 whose emitter is connected to circuit ground. ^jj^^ turned OFF while the second switching tran- 

Thc loop filter 22 includes a capacitor Ci connected ^^^^ ^ turned ON such that the capacitors C\ and 
between the output terminal T2 and circuit ground. The ^ thereby discharged by the constant current i6. 
loop filter 22 further includes a resistor R3 having a first 20 consequently, this simultaneously decreases the level of 
terminal connected with the output terminal T2 of the ^j^^ output vohage E6 of the loop filter 22 in a linear 
charge pump circuit 21, and a capacitor C2 having a first faahioo, such that the phase of the oscillation signal 
terminal connected with a second terminal of the rests- produced by the VCO 7 is delayed, 
tor Rsand a second terminal connected with the circuit Furthermore, at such times that the first and second 
ground. The loop fUter 22 produces a v(HtegeE6 at the 25 pji^j^ g^^parison signaU R and V are in phase such that 
tenninal Tj which the loop filter 22 suppUcs to the the first U and second phase difference signals U and D 
control terminal of the VCO 7. are in a logic **r' sute, the first and second switching 

The digital phase comparison circuit 4 receives the ^^jaissstots Qa and Q5 are both turned OFF, so that nei- 
fifsi and second phase comp^ ther the current i, nor the current i* is permitted to flow 

mputs and produces the first and second phase differ- 30 terminal T2. Consequently, the capacitors 

cnce signals U and D ^ outputs, as ^^^u^^ve m e. and ^ are neither cha^Slr discharged and the 
connection with FIGS. 3 and 5A. A«ordmg^y. the maintained at a constant value 

relationship of the fu« and second phase difference ^S^^^.,^ ^fUie oscilto 
signals U and D produced by the phase comparison 

cH! 4 .0 *e piL dlir«««e ^n^een Ae fim «.d 35 S^^T^SSe comparison signals 

s«cmd ph^ "^V'^^^^ '^ L'Z^u R t^dTin, phas^. during a shon ^od of time 
mp«s th«to» expressed essentnUy by the dooontm.- «iling edges of .he phase com- 

ouslme AofFIG. 6. • .u «rrrt fc~ parison signals R and V, both of the firet and second 

In operation, the curnaninowrngm diSce signals 6 and D switch to a logic "O" 

^!2I1HL•K?^^^^^ »«f«>« te.u™Sr.o a logic "I" state at the end of 

^^S!^^^ST^?CTs of^do! toZ the short titne period. Since, however, the magnitudes 
ftiUy berefflbdow. Since the of the charging^d discharging conents ij and i«, re- 

^t XJ! Uvely. r«,ual. th^ atS tS «ro when both of the 
S^tS«e;j.»inproftheFETQ,wiUbe«<p«^ 45 ^ :^:^^^'^^T^°P,^*'^,^' ^ 
of the current i,^ the FET Q,. Since the FETs ON ?y ^ ^ T.fT!? n ll^Sn^lv ^ 

O, and Qi likewise form respective input and output <»«» P«>«* *f """e' ^ « A«co«»«»8ly. *e 

of the cnnen. JZ^7u, the c«r;S. «pacho» C, «rf ^of the » « ""i*?: 

flawing in the sourceslrain path of the FET Qi is also charged nor discharged such tinie and the levd of tte 

magnitude to that ofthe curreirt i, and. there- 50 output voltage £*« mainuuned at a consunt vdue so 
far^to t3fSrcun«t ij. Since the FETs Qrand Q. that the pha^of Uje oadlUtton sigiuU produced by the 
constitute input and output portions, respectively, of VCO 7 i» unchanged. ,. - 

r^t mirror circmTuTcurrentiTn^ . With reference ag«n to RG^ 

the sourcc^lrain path of the FET Q6 is eqiml to the mdK»tes the relationship of the phase difTerence AS 
current flowing in the source-drain path ofthe FET Or. 55 between the phase comparison signaU V ai^ R mput to 
Since the current flowing in the source-drain path of the the phase comparison circuit 4 and the chargmg and 
FET QtU equal to that flowing in the sourcfrdrmn path discharging periods produced m response thereto by 
of the FET (hand, therefore, is also equal to that of is. the charge pump circuit 21. It wiU be seen therefrom 
it is apparent that the magnitudes of the currents ij and that a linear relationship exists between the phase diflcr- 
i6, when permitted to flow through the switching tran- 60 encc 46 and the resulting charging and dischar^ng 
sistors Q4andQ5. respectively, wiU have the same mag- periods. Since the charge pump circuit 21 supplies 
nitude. Accordingly, the charge pump circuit 21 forces charging and discharging currents 13 and 16, r«pcc- 
the magnitudes of the currents i3 and i6 to equal that of tivcly, which have a constant magnitude, it will be 
the reference current ii whenever the respective switch- appreciated that the FIG. 7 erobodiMnt provides a 
ing transistors Q4 and Q5 are turned ON. 65 linear relationship between the phase difference AS and 

In operation* where the phase comparison signal V is the control voltage even at arbitrarily small phase 
phase delayed with respect to the phase comparison differences. Accordingly, the phase of the oscillation 
^gnal R such that the phase difference signal U is in a signal produced by the VCO 7 vanes Unearly with the 
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phase difference AG between the first and second phase 
comparison signals R and V. i ;^^ . 

When the transistor Q9 » tumMl OFF, the reference 
current ii flows through the resistor R2 only, such that 
the reference current i| is maintained at a relatively tow 
value by the relatively high impedance presented by the 
resistor R2 alone. When however, the transistor Q9 is 
turned ON, the current ii is able to flow through the 
parallel combination of resistors Ri and R2, such that 
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^ ^™ — wui sucn inai sunuariy constructed witb the use ofbipcriar transistors 

«ie magraiude of the current i| flowing through the 10 in place ofthefieW effect transistors (FETs) specifically 
FET Oi is increased. Smce th* ciirrMt« i« <ifi<4 m^^i 1 u ' *^ 



terminal D' of the phase comparison circuit 4 is in a 
logic state, the second bypass switching transistor 
Qii IS turned ON to bypass the current i6 which other* 
wise would flow through the current sink transistor Q^. 
In all other respects, the operation of the FIG. 8 em- 
bodiment is identical to that of the FIG. 7 embodiment. 

It will be readily appreciated by those skilled in the 
art that the embodiments of FIGS. 7 and 8 may be 
similarly constructed with the use ofbipdar transistors 



FET Qi is increased. Since the currente ij and" ie arc 
equal in magnitude to the reference current i|, it will be 
seen that a means is provided for adjusting the magni- 
tudes of the constant currents ij and ieby controlling the 
ON-OFF states of the transistor Q9. Since the output IS 
voltage E6 of the loop filter 22 varies linearly with the 
magnitudes of the currents 13 and i4» it will be seen that, 
by adjusting the magnitudes of the constant currents i3 
and 16 by selecting the ON-OFF states of the transistor 
Q9» the loop gain of the phase locked loop is therd>y 20 
adjusted It will also be appreciated that the lock-up 
time of the phase locked loop can be selectably reduced 
by increasing the loop gain in the foregoing manner. 
Since the cut-off frequency of the loop fdter 22 is deter- 
mined only by the capacitors Ci and C2 and the resistor 23 
R3» whose values are unaffected by the magnitudes of 
the charging and the discharging currents ij and 16. the 
cut-off frequency of the loop filter 22 is unaffected by 
adjusting the loop gain in the foregoing manner. It will 
also be apparent that the loop gain can be made inde- 30 
pendent of the cut-off frequency. 

With reference now to FIG. 8, a second embodiment 
of a phase locked loop system in accordance with the 
present invention is illustrated therein. Elements of the 
no. 8 embodiment corresponding to elements shown 33 
m the foregoing figures bear the same reference numer- 
als. 

In the FIG. 8 embodiment, the first and second cur- 
rent source transistors Qsand Q6are coupled directly to 
the output terminal T2, while the source-drain path of 40 
the current source transistor Q3 is coupled to the posi- 
tive voltage power source terminal T3 through a resis- 
tor R6, while the source-drain path of the current sink 
transistor is coupled to circuit ground through a 
resistor Rj. The source of the FET Q\ is coupled to the 43 
positive voltage power supply ter minal T3 through a 
resistor R4, while the source of the FET Qi is coupled 
to the positive voltage po wer so urce T3 through a resis- 
tor Rj. The source of the FET Q7 is coupled to circuit 
ground through a resistor R7. A pK^hannel bypass 30 
switching FET Qiohas its souice-drain path coupled in 
series with the resistor R6 between the terminal Tyaad 
circuit ground and has its gate electrode coupled with 
the output terminal U' of the phase companion drcuit 4 
through an inverter Q12. Accordingly, the bypass 55 
switching transistor Qiois operative to control the flow 
of the constant current ii supplied by the current source 
ttansistor Q3 by bypassing the current i3 whenever the 
first phase difference signal U is high. 

An n-channcl bypass switching FET Qn has its 60 
source-drain path connected in series through the resis- 
tor Rs between the terminal T3 and circuit ground and 
its gate electrode ccmnected with the output terminal D' 
of the phase comparison circuit 4. Accordingly, the 
FET Qi I acts as a second bypass switching iranstttOT for 63 
controlling the flow of the constant current supplied 
by the current sink transistor Q6 such that whenever the 
second phase difference signal supplied at the output 



disclosed herein. 

Although specific embodiments of the invention have 
been described in detail herein with reference to the 
accompanying drawings, it is to be understood that the 
invention is not limited to those precise embodiments, 
and that various changes and modifications may be 
effected therein by one skilled in the art without depart- 
ing from the scope or sjnrit of the invention as defined 
in the appended claims. 
What is claimed is: 

1. A charge pump circuit for charging capacitive 
means in response to a phase difference between first 
and second input signals, comprising: 
constant current source means for providing a first 

constant current; 
constant current sinking means for absorbing a sec- 
ond constant current; 
an output terminal adapted to be connected to a ca- 
pacitive means; 
switching means for providing said first constant 
current and said second constant current flowing in 
opposed directions through said output terminal to 
the capacitive means in response to said phase dif- 
ference between said first and second input signals 
for selectively charging and discharging the capac- 
itive mans to produce a voltage level thereof cor- 
responding to said phase difference; and 
means for substantially equalizing the magnitudes of 
the first constant current provided by said constant 
current source means and the second constant cur- 
rent absorbed by said constant current sinking 
means so that a linear relationship exists between 
said phase difference between said first and second 
input signals and the resulting charging and dis- 
charging periods of the capacitive means. 
2. A charge pump circuit for charging capacitive 
means in response to a phase difference between fmt 
and second input signals, c om p r ising: 
constant current source means including current 
source transistor means for providing a first con- 
stant current; 
constant current sinking means for absorbing a sec- 
ond constant current; 
means for substantially equalizing the magnitudes of 
Che first constant current provided by said constant 
current source means and the second constant cur- 
lent absorbed by said constant current sinking 



an output terminal adapted to be connected to a ca- 
pacitive means; and 

switching means for providing said first constant 
current and said second constant current flowing in 
opposed directions through said output terminal to 
the capacitive means in response to said phase dif- 
ference between said first and second input signals 
fw selectively charging and discharging the capac- 
itive means to produce a voluge level thereof cor- 
responding to said phase difference, said switching 
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means including transistor means for providing the 
capacitive means with said first constant current 
flowing through said output terminal in a first di- 
rection, and said current source transistor means 
and said firs switching transistor means being cou- 
pled in scries between a power source terminal of 
said charge pump circuit and said output terminal 
of said charge pump circuit. 
3. The charge pump circuit according to claim 2, 
wherein said constant current sinking means comprises 
current sinking transistor means for absorbing said sec- 
ond constant current, and 
said switching means ftuther comprises second 
switching transistor means for providing the capac- 
itive means with said second constant current flow- 
ing through said output terminal in a second direc- 
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said current sinking transistor means and said second 
switching transistor means being coupled in series 
between said output terminal of said charge pump 20 
circuit and a grotmd of said charge pump circuit. 
4. A charge pump circuit for charging capacitive 
means in response to a phase difference between first 
and second input signals* comprising: 
constant current source means including current 23 
source transistor means for providing a first con- ^ 
stant current; 
constant current sinking means for absorbing a sec< 
ond constant current; 



second constant currents, and means for setting the 
other of said first and second constant currents 
substantially equal to said third constant current; 

an output terminal adapted to be connected to a ca- 
pacitive means; and 

switching means for providing said first constant 
current and said second constant current flowing in 
opposed directions through said output terminal to 
the capacitive means in response to said phase dif- 
ference between said first and second input signals 
for selectively charging and discharging the capac- 
itive means to produce a voltage level thereof cor- 
responding to said phase difference. 

7. The charge pump circuit according to claim 6, 
wherein said means for producing a third constant cur- 
rent comprises; 

first current mirrocing means for producing said third 
constant current such that said third constant cur- 
rent ia snbstanttally equal in magnitude to a prede- 
termined reference ctirrent; and 

second current mirroring means for substantially 
equalizing the magnitude of said one of said fu^t 
and second constant currents and said reference 
current 

8. The charge ptmip circuit according to claim 7, 
wherein said means for setting the other of said first and 
second constant currents substantially equal to said 
third constant current includes third current mirroring 



ond constant current; » j ^ «v means for substantially equalizing the magnitude of said 

means for substantiaUy equalizing the mag^tudes of 30 ^^^^^ of said first and second constant currents with the 



the first constant current provided by said constant 
current source means and the second constant cur- 
rent absorbed by said constant current sinking 
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an output terminal adapted to be connected to a ca 
pacitive mans; and 

switching means including first switching transistor 
means for bypassing current of said current source 
transistor means and thereby providing said first 
constant current and said second constant current 40 
flowing in opposed directions through said output 
terminal to the capacitive means in response to said 
phase difference between said first and second 
input signals for selectively charging and discharg- 
ing the capacitive means to produce a voltage level 43 
thereof corresponding to said phase difference. 

5. The charge pomp circuit according to claim 4^ 
wherein said con stan t current sinking means comprises 
current sinking transistor means for providing said sec- 
ond constant current; and 

aaki switching oMans comprises second switching 
tianststor means for bypasang current of said cur- 
rent sinking transistor means. 

6. A charge pump circuit for charging capacitive 
means in response to a phase difference between firs and 

second input ngnals, comprising: 

constant current source means for providing a first 
constant current; 

constant current sinking means for absorbing a sec- 
ond constant current; 

means for substantially equalizing the magnitudes of 
the first and second constant currents including 
means for producing a third constant current sub- 
stantially equal in magnitude to one of said first and 
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Other of said first and second constant currents with the 
magnitude of said third constant current 

9. A charge pump circuit for charging capacitive 
means in response to a phase difference between first 
and second input signals, comprising: 
constant current source means for providing a first 

constant current; 
constant current sinking means for absorbing a sec- 
ond constant current; 
means for substantially equalizing the magnitudes of 
the first and second constant current including 
means for maintaining said first constant current 
and said second constant current equal in magni- 
tude to a reference current; 
an output terminal adapted to be connected to a ca- 
pacitive means; and 
switching means for. providing said first constant 
current and said second constant current flowing in 
opposed directions throu^ said output terminal to 
the capacitive means in response to said phase dif- 
ferei^ between said first and second input signals 
for selectively charging and discharging the capac- 
itive means to produce a voltage level thereof cor- 
responding to said phase difference. 
10. The charge pimip circuit according to claim 9» 
fimher comprising means for adjusting the magnitude 
of the reference current to thereby adjust the magnitude 
of said first constant current and said second constant 
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11. The charge pump circuit according to claim 1, 
further comprising means for adjusting the magnitudes 
of said first constant current and said second constant 
current 
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[57] ABSTRACT 

An integrated charge pump circuit with back bias volt- 
age reduction includes one or more diode type voltage- 
multiplier stages, with each stage having a diode-con- 
nected NMOS transistor in place of the conventionally- 
used p-n junction diode. The transistors are formed 
within a P-type well, which forms the back gate of each 
transistor within the well, and the transistor threshold 
voltages are dependent on the potential of the P-type 
well. Performance of the charge pump circuit using 
NMOS transistors is enhanced by the use of a bias cir- 
cuit which generates a bias voltage as a function of the 
output voltage generated by the charge pump circuit, 
and applies this bias voltage to the P-type well to mini- 
mize the back-body effects of the NMOS transistors. 
The bias circuit thus permits the construction of an 
integrated charge pump circuit with significantly lower 
MOS diode voltage drops than would otherwise be 
possible. 

4 Claims, 3 Drawing Sheets 
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sources must be allowed to rise above the supply volt- 
INTEGRATED CHARGE PUMP CIRCUIT WTH age to permit the device to function as intended. 

BACK BIAS VOLTAGE REDUCTION In order to create a relatively simple, efficient, fast 

and compact all-MOS charge pump circuit in an inte- 
BACKGROUND OF THE INVENTION 5 grated circuit, these problem inherent in the prior-art 
The invention relates generally to voltage multiplier structures must be overcome, 
circuits, and relates more specifically to an integrated SUMMARY OF THE INVENTION 

charge pump circuit with back bias voltage reduction. 

Conventional charge pump circuits, such as those It is therefore an object of the mvention to provide an 
shown, for example, in FIG. 1 of this application or in integrated charge pump circuit which improves efTi- 
FIG. 1 of U.S. Pat. No. 4,439,692, typically employ a ciency, speed, simplicity and compactness as compared 
plurality of series-connected diodes having an input to existing circuits. 

terminal, an output terminal and one or more imermedi- In accordance with the invention, this object is 
ate terminals, with each intermediate terminal being fed achieved by a new integrated charge pump circuit hav- 
by a capacitively-coupled driver. Since the purpose of jng at least one diode type voltage-multiplier stage in- 
this circuit is to provide a voltage multiplication, the corporating a diode-configured NMOS transistor fabri- 
series-connected diodes in the charge-pump circuit cated in a P-type well which surrounds the NMOS 
must withstand voltages which exceed the normal transistor and forms its back gate. The improved physi- 
power supply voltage range. When a charge pump operational characteristics of the invention are 

circuit is required in MOS devices fabricated using 20 ^^^j^jg^g^j making the NMOS transistor a relatively 
standard MOS process technology, it becomes difficult low-threshold transistor, and by using a bias circuit to 
to isolate the relatively high-voliage p-n junctions of generate a bias voltage which is less than the back bias 
these diodes, and additional process steps are usually ^^j^^^ generated by the charge pump circuit. This bias 
necessary. circuit is advanUgeous in that it alIo>\'s the P-type well 

One possible solution to this problem, as shown m 25 ^ ^ .^^^ ^^j^^^^ 

^^I'^J"- '° use MOS-configured di- f ^ 

odes (MOS transistors ^''''''''''t^i^^^^^ to source junction In tWs manner, the voltage differ- 

conventiona diodes of the pnor art charge pump cir- " r .u viiLiinc 

cuit. However, because these MOS-configured diodes «ice between the source of the NMOS trans^sto^^^^^^ 
typically have a larger diode drop (several volts as 30 P'^VP^ ^j^""^'"^^^" ^^^^ 

compared with the 0.7 volt of a conventional-p-n junc- bias voltage which further reduces the threshold of the 
tion). the voltage-multiplying capability of the charge NMOS transistors to result m a structure which offers 
pump is substantially degraded. In other words, to performance in an all-MOS charge pump which ap- 
achieve a given output voltage level from the charge proaches that of prior-art p-n junction diode circuits, 
pump, the number of cascaded stages in an all-MOS 35 In a preferred embodiment of the invention, the 
• charge pump, would be greater than the number of threshold of the diode-configured transistors is selected 
stages in the conventional p-n junction diode circuit. to be relatively low (less than one voltage at zero back- 
This results in a slower, more complex circuit which body bias). 

occupies additional silicon area. Thus, using prior-art The bias circuit used to generate the bias voltage in 
technology, there are substantial drawbacks connected 40 the charge pump circuit may advantageously be com- 
with the otherwise-desirable use of MOS technology in posed of a further NMOS transistor connected as a 
fabricating charge pump circuits. source follower, with its gate being connected to an 

There are two basic reasons for the relatively large output terminal of the charge pump circuit and its 
diode drops in MOS-configured diodes. First, in MOS source being coupled, through a resistor, to the P-type 
process technology, it is conventional to use a ihre- 45 which the back gates of the diode-connected 

shold-implant step to force the threshold voltage to j^qj transistors are formed. This configuration allows 
between about I and 2 volts. Thus, for example, in U.S. jj^^ P-well to always be biased one gate-to-source volt- 
Pat. No. 4,439,692, all of the transistors in the charge pj^^ resistor drop below the output terminal 
pump circuit 18 in FIG, 3 are designated as "H" (hard) voltage of the charge pump when the output is less than 
transistors. In this context, a "hard" transistor IS deemed 50 , voltage, and biased just one resistor drop 
to be one which has a substantially larger positive or . ^j^^^ ^^^^^^ ^^ove the 
negative threshold voltage than that of a soiled ^ ^^^^ ^^^^^^ ^j^p ^ ^ 
"soft" transistor. Thus, as shown in FIG. 4 of U.S. Pat. ^^^^ 
No. 4 439,692. so-ca led "hard ,i,euit serves to minimize the back bias when the 
threshoM voltage of ^^^^ / charge pump is ON. and prevents forward conduction 
^d^^^^lm^^^ from^h^P^ellto the bu^k junction when the charge 

trans stor h^^ low threshold voltage, as P™P r'""''"^^:^ 5nZwi„^ 

the "hard" transistors are by definition those which understood with reference to the followmg detailed 
have a more negative or more positive threshold volt- 60 description, to be read m conjunction with the accom- 
age value. P^n>^6 drawing. 

Secondly, the threshold voltage is further increased BRIEF DESCRIPTION OF THE DRAWING 

by a large body effect caused by large source-to-sub- , . . ^. - . 

strate voltages in integrated circuits employing MOS FIG. 1 shows a schematic circuit diagram of a pn- 
transistors in the charge pump circuit. This effect oc- 65 orart charge pump circuit; 

curs because the sources of the MOS transistors cannot FIG. 2 shows a schematic circuit diagram of an all- 
be tied to the P-well substrate in which the transistors MOS charge pump circuit in accordance with the in- 
(typically NMOS devices) are fabricated because the vention; and 
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FIG. 3 shows a simplified cross section of a semicon- given output voltage from the charge pump, the num- 

ductor device that is used in the integrated charge pump ber of cascaded stages would have to be increased when 

circuit in accordance with the invention. using MOS transistors instead of p-n junction diodes. 

DESCRIPTION OF THE PREFERRED , "^P' "dverseafrect on the speed of operation 

EMBODIMENTS circuit, and requires additional snicon area as 

well. 

FIG. 1 shows a conventional prior-art charge pump jhe main reason for this relatively large MOS diode 

circuit 10 employing series-connected p-n junction di- ^rop, and the resulting degradation in performance, is 

odes 100. 102 and 104. Power supply voltage V« is fed jj,at the source of the MOS devices in the charge pump 

to the anode of diode 100 through switching transistor lo ^^^^^ ^ ^^^^ ^he P-well substrate because the 

106 and the output volugc of the charge pump is gener- ^^^^^ ^^^^ ^y^^ 3^ , 

ated at the cathode of diode 104, as shown by the sym- j...- ^ tuu «,^ki-« ;« -.^^^ 

boIV„, The miermediatepomB in the diode string are ^y^l""'""''"' ^ ' .r^ '^'^^^ 

. , J , • , - T. MOS charee pump circuits such as those aiscJosed in 

connected to capacitors 108 and 110, which are m turn ^ 4 439 692 results in larcer slower and less 

driven by inverters lU 114 and 116. and NOR gate 118 15 H-5>-.*'at. No. 4,43^,592. resuJts in larger, slower ana less 

having inputs V.^and V,/,. The circuit is turned ON ^ efT.aent implementation of charge pump circuitry^ 

and OFF by MOS transistors 106 and 120. which serve ^ shows an improved charge pump circuit 20 in 

respectively to connect the anode of diode 100 to the accordance with the invention, m which the aforemen- 

power supply and disconnect the output terminal V^^, ^»0"ed problem is largely eliminated, thus resulting in a 

when the circuit is OFF, with the switching being ac- ,0 smaller and thus more efficient all-MOS charge 

complished as a function ofthe signal Vo// applied to the P^^P circuit implementation. It should be noted that 

gates of transistors 106 and 120. The capacitance of the while a two-stage charge pump circuit is shown in FIG. 

load connected to the terminal Vpui is shown schemati- 2, charge pump circuits in accordance with the inven- 

cally by a capacitor 122 connected between the output tion can also be fabricated with only one stage, or with 

terminal and ground by a dotted line. ^^^^ stages. Also, for clarity, components in 

The prior-art circuit of FIG. I operates in a conven- FIG. 2 having counterparts in FIG. 1 are provided with 

dona! manner similar to that of charge pump 18 in FIG. reference numerals having the last two digits the same 

1 of U.S. Pat. No. 4,439,692, and acc6rdingly will not be as those of the corresponding components in FIG. 1. 

described in detail. Briefly, however, the circuit oper- In FIG. 2, the basic charge-pump circuit with its 

aies as follows. capacitively-coupled drivers (shown in the top portion 

Vcik is a high frequency clock signal (about 1 MHz) of the figure) is the same as that of FIG. 1. except that 

that feeds the input of inverters 112 and 116. Vo//is a the p-n junction diodes 100, 102 and 104 have been 

control signal which, when high, disables the charge replaced by diodeKJonnected MOS transistors 200. 202 

pump by blocking the Vdk signal and by discharging the and 204, respectively. In accordance with the invention, 

load capacitor 122. When V^//is low. the \cik signal is and contrary to the teaching of the prior art, these tran- 

allowed to pass through gate 118; transistor 106 turns . sisio^s can advantageously bte low threshold unim- 

on, and 120 turns off. In this state, the charge pump is p|an,ed j^MOS transistors, with a threshold voltage of 

on: node Woui is first pulled to a value 3 diode drops ^j^an one volt. Such transistors can be easily fabri- 

^^L*^!"!. P"^5" drive capacitors 108 ^ated without using additional masks, in a double-poly 

and 110 at the Vw^. frequency effectively deliver charge ^cess. by forming the gates of the transistors with a 

packets that further drive up the voltage Vp„, across « poly.jayer that is provided before the threshold implant. 

^^Pf "?!nn ?n7^S. w connection of the .hereby effectively shielding the implant from the chan- 

diodes (100. 102. 104) forms a voltage multiplying cir- nel » 

cuit that forces charged to flow only in the direction of Additionally, a new bias circuit, shown in the lower 
u?;?k''t^iVc .^h^^^ ««« -^ki-...Ki- 45 Portion of FIG. 2. provides a reduced back-bias voltage 
ctp^HlVtMP vl^^'r^f V achievable »r p^^^j, J^^^ diode^onnected MOS tran- 
steady state value of V,,, is ^^^^ ^ ^ ^04 are fabricated, when the charge 
Voui^'Vcc^ii' -^I'd pump is ON. Additionally, this bias circuit prevents 
" ' P forward conduction in the P-well to bulk junction when 
where Vp is the output swing of inverting drivers 112 50 the charge pump is OFF. Physically, the back gate 
andll4,and V«/is the diode drop across diode 100, 102, terminals of the diodes can be either the individual 
or 104. Thus it can be seen that Vout is maximized if the p-wells of the diodes, as shown in FIG. 3. electrically 
diode drops are minimized. tied together, or they can be one common p-well sur- 
In conventional charge piimp circuits such as the one rounding all three diodes. By way of example, FIG. 3 
shown in FIG. 1, the node voltages at p-n junction 55 shows a simplified cross-section of a representative 
diodes 100, 102 and 104 will exceed the supply voltage diode-connected transistor, here transistor 200 of FIG. 
Vcf. When this type of circuit is implemented in an 2. In transistor 200, a substrate 300, here of n-type con- 
MOS structure, using standard MOS processed technol- ductivity, is provided with a highly-doped n type 
ogy, it becomes difficult to isolate these high-voltage contact layer 302 and a p type well 304. Drain and 
p-n junctions and addiiional process steps are usually 60 source regions 306 and 308 of n type conductivity are 
required. One way to overcome these problems is to provided in the well 304, along with a p type back-gate 
substitute MOS-configured diodes for the p-n junction contact 310. An insulating layer 312. typically of silicon 
diodes in the charge pump circuit, as shown for example dioxide, is provided over the top surface of the device, 
in U.S. Pat. No. 4,439,692. However, because MOS and is provided with apertures for contacting the drain, 
transistors typically have larger diode drops (several 65 source and back gate contact. A gate electrode 314 is 
volts as compared to 0.7 volts for a typical p-n June- provided over a portion of the insulating layer 312 hav- 
tion), the voltage-multiplying capability of the charge ing reduced thickness, and the gate electrode is con- 
pump circuit is substantially degraded. To achieve a nected to drain region 306. For clarity, corresponding 
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terminals A, C and D of transistor 200 are shown in particular circuit application does not require the bias 
both FIG. 2 and FIG. 3. Ahematively, as noted above, voltage to be well controlled, then the value of resistor ' 
all of the diode-connected iransisiors can be fabricated 226 can be set to zero without sacrificing the benefit to 
in a single p type well. be derived from the invention. 

In the circuit of FIG. 2, the output voltage Vqui is 5 In order to insure that Wout will not discharge faster 
taken from the output region of the device and is pro- than which might forward bias the P-wcU to the 
vided to the gate of an additional MOS transistor 224 output region junction of transistor 204, the width-to- 
which is connected in a source follower configuration length ratio W/L of transistors 220 and 232 can be 
with its channel connected between the supply voltage proportioned in accordance with the ratio of the load 
Vec and one end of a resistor 226. The other end of 10 capacitance 222 to the P-well capacitance 230. 
resistor 226 is connected to one terminal of a current While the invention has been particularly shown and 
source 228, the other terminal of which is connected to described with reference to a preferred embodiment, it 
ground. The output of the bias circuit is taken at the will be understood by those skilled in the art that van- 
junction between the resistor 226 and the current source ous changes in form and detail, such as using a charge 
228, and the bias voltage developed at this point is des- 15 pump with a different number of stages, or using differ- 
ignated as The bias voltage Vftis then applied to the em polarity devices may be made without departing 
back gates of transistors 200, 202, 204, and 224 within from the spirit and scope of the invention, 
the P-well, with capacitor 230, shown in dotted lines in What is claimed is: 

FIG. 2, representing the capacitance of the P-well. 1. An integrated charge pump circuit comprising an 
Finally, an additional transistor 232 is provided to dis- 20 output terminal for outpuiting a back bias voltage and at 
charge the bias voltage to ground when the charge least one diode-type voltage-multiplier stage having a 
pump is turned OFF, while the charge pump output diode-configured NMOS transistor, a P-type well sur- 
voltage Vout is discharged to ground by transistor 220 rounding said NMOS transistor and forming the back 
In each phase of operation, it is important that the gate thereof, said NMOS transistor being a low-thre- 
p-well potential of the MOS diodes remain below the 25 shold transistor, and a bias circuit for continuously gen- 
Vcf potential, and always be lower than the lowest erating a bias voltage as a function of and less than said 
source of drain node potential of these transistors, be- back bias voltage to be applied to said P-type well and 
cause otherwise parasitic p-n junctions can be activated having an input connected to and having an input signal 
that can result in destructive latch-up of the circuit. AT derived continuously from said output terminal and an 
the same time, it is important that the p-well potential be 30 output connected to and providing an output signal 
as high as possible in order to minimize the back body continuously to said P-type well, 
effect, and thus the threshold voltages, of these diodes. 2. An integrated charge pump circuit a claimed in 
The bias circuit shown in FIG. 2 allows the p-well claim 1, wherein the threshold voltage of said diode-, 
potential to be biased ai least one gate-to-source voltage configured transistor is less than about one volt at zero 
below the lowest source potential of the diodes when 35 back gate bias. 

Vo„, is still below V^^ (during the transient charging 3. An integrated charge pump circuit as claimed in 
phase of the output), and be biased at about Ver when claim 1, wherein said bias circuit comprises a further 
Vo„f is above V„ (during steady state). NMOS transistor connected as a source-follower, the 

The bias voltages can be further reduced by adding input of said source follower being connected to said 
an optional resistive drop via resistor 22 so that the 40 output terminal and the output of said source follower 
amount of body effect, and thus the threshold voltage. being coupled to said P-type well, 
of the MOS diode can be tailored to realize an exact 4. An integrated charge pump circuit as claimed in 
value of the output at steady state. claim 3, further comprising a resistor and a current 

The bias circuit receives a voltage V<,„; at the gate of source connected in series, a first terminal of said resis- 
source-follower transistor 224, and generates a bias 45 tor being connected to the source of said further NMOS 
voltage Vfc which is roughly equal to V<.c-l228XR226. transistor, a second terminal of said resistor being con- 
Thus, the bias voltage can be precisely controlled in nected to a first terminal of said current source and 
order to optimize the diode drops across the MOS-con- forming the output of said source follower, a second 
nected transistors 200. 202 and 204. When the charge terminal of said current source being connected to 
pump is turned OFF, transistors 220 and 232 are acti- 50 ground, and the drain of said further NMOS transistor 
vated by the voltage ^o/f, thereby discharging both being connected in operation to a source of voltage. 
Voui and Vft to ground. It should be noted that if the • • • • * 
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ABSTRACT 



A charge pump comprises high voltage and low voltage 
supply rails coupled to first and second capacitors via 
switching circuitry. The switching circuitry is operable 
to charge the first and second capacitors to desired 
voltages to generate a desired output voltage of in- 
creased magnitude. 

20 Claims, 2 Drawing Sheets 
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made to the following descriptions taken in conjunction 
CHARGE PUMP with the accompanying drawings, in which: 

FIGURE 1 illustrates a schematic representation of a 
BACKGROUND OF THE INVENTION prior art charge pump; 

In many circuits, it is necessary to generate a voltage ' 2 illustrates a schematic representation of a 

which is greater in magnitude than the supply voltage. preferred embodiment of the charge pump of the pres- 
For example, in order to efficiently drive DMOS output invention; 

structures of MOS based power ICs. it is necessary to FIC5. 3 illustrates a cross-sectional side view of a 
supply a gate-to-source voltage of typically 10-15 volts, base-emitter capacitor which may be used in the present 
In many high-side drive and low-side drive intelligent invention; 

power switches, a voltage tripler is normally required. FIG, 4 illustrates a schematic representation of a 
as the bulk of intelligent power switch designs are for MOS implementation of the charge pump of FIG. 2; 
the automotive market, where operating voltage may FIG. 5 illustrates a schematic representation of a 
be as low as 4.5 volts. At this voltage, most DMOS bipolar implementation of the charge pump of FIG. 2; 
structures are not functional, or have a very high on and 

resistance. A voltage doubler would normally provide FIG. 6 illustrates the timing diagrams for the input 

about 7 volts, with a supply voltage of 4.5 volts, when waveforms for the charge pump of FIGS. 4 and 5. 

diode and saturation, losses are taken into account. This rHi?-f a ¥t t?t% r^-e^r^rnmrM^j i-rrc 

is normally insufficient to fully turn on a DMOS output, Pi^xJriVvvT 

so a tripler is required. Other circuits, such as EPROMS 20 INVENTION 

and EEPROMS, require a programming voltage (Vpp) The preferred embodunent of the present invention 

of 12-17 volts to be generated from a five volt supply. and its advantages are best understood by referring to 

Typically, charge pumps (also referred to as "voltage piGS. 1-6 of the drawings, like numerals being used for 
multipliers") are used to generate a voltage of increased jik^ and corresponding parts of the various drawings, 
magnitude. Present day charge pumps comprise a senes 25 , aiustrates a schematic representation of the 

of stages, each stage including a capacitor and a MOS pjjor art charge pump circuit 10. The high voltage 
or junction diode. Each stage of the charge pump ly 12 (shown at seven volts) is coupled to the 

boosts the magnitude of the voltage signal by a voltage ^j^^ ^4 ^^^^ ^^^^ ^^^^^ 

equal approximately to the voltage swing of a clock ^j^^ ^^^^ capacitor 16 and to the anode of 
signal applied to the capacitor less the threshold voltage ^ ^^^^ of capacitor 16 is coupled to 

of the diode. At each stage fhe capacitor w, 1 see an a clock signal. The cathode of diode 18 is coupled to the 
increased maximum voltage difference across its plates. ^ ^ ^^^^ j^^^ of capacitor 22. 

For example, using a seven volt supply, the first capaci- ^ ^ . - L ^«„^i.^ *^ « ^i^^i, 

tor will see a difference of seven ^olts across its plates f P "^L^iT' / ^ hTl i«n- on?^^^^ 

and the capacitor of the second stage wUl see a LxL 35 ^ign^ (^VP^^^y ^ ^qjiare wave) wh^ch ,s 180 out of 
mum voltage difference of fourteen volts across its ^^'^ ^'^^ the clock signal coupled to capacitor 16^ 
plates. Siil^quent stages would result in additional Th^ cathode of diode 20 is coupled to the n«t plate of 
increased voltage across the capacitors. The magnitude « P^"^°^ ^ havmg a second plate coupled to the ow 
of voltage across the capacitor will determine its struc ^^ol^^g^ supply rail26 (shown at zero volts) for a low 
ture and size. Consequently, by limiting the voltage 40 side dnver case^ The output vohage is . taken across 
across the capacitors, the density of the circuit can be capacitor 24. The capacitor may also be coupled be- 
increased and the complexity of the fabrication may be ^^en the cathode of diode 20 and the high voltage rail, 
decreased. ®^ between the cathode of diode 20 and another volUge 

Therefore, a need has arisen in the industry for a node. ♦ . * . 

charge pump using low voltage capacitors. ' 45 For simplicity of explanation, the operation of the 

charge pump will be described without taking into ac* 
SUMMARY OF THE INVENTION count the voltage drops across the diodes 14. 18 and 20. 

In accordance with the present invention, a charge Typically, however, the diodes will each account for a 
pump is provided which substantially eliminates the voltage drop of approximately 0.7 volts for a junction 
problems associated with prior such devices. 50 diode and a voltage drop which is significantly higher 

The charge pump^ of the present invention provides for a MOS diode. Initially, it is assumed that the voltage 
hi^ and low voltage supply rails having a predeter- at the cathodes of diodes 14, 18 and 20 is seven volts, 
mined voltage differential. First and second capacitors generated by the high voltage supply rail 12. The clock 
are coupled in series. Switching circuitry is coupled to signal coupled to capacitor 16 is initially at zero volts 
the high voltage and low voltage supply rails and to the 55 and the clock signal coupled to capacitor 22 is initially 
first and second capacitors, and is operable to selec- at seven volts. As the clock coupled to capacitor 16 
tivcly charge the first and second capacitors to desired transitions from zero volts to seven volts, the voltage at 
voltages to generate a desired output voltage. the cathode of diode 14 is boosted from seven volts to 

The present invention provides significant advan- fourteen volts. Consequently, the voltages at the cath- 
tages over the prior art. By selectively charging the 60 odes of diodes 18 and 20 are also boosted to fourteen 
series capacitors, the increased voltage can be obtained volts. When the clock coupled to capacitor 16 transi- 
by using low voltage capacitors, thereby decreasing the tions from zero volts to seven volts, the clock coupled 
complexity ofthe circuit design and increasing the den- to capacitor 22 transitions from seven volts to zero 
sity of the device. volts. As the clock transitions from zero volts to seven 

w^w>^^ ww^^^y .w-T^ ^« * 65 volts, the voltage at the cathode of diode 18, and conse- 

BRIEF DESCRIPTION OF THE DRAWINGS q„„^,y voltage at the cathode of diode 20. is 

For a more complete understanding of the present boosted to twenty-one volts. Hence, the voltage sup- 
invention, and the advantages thereof, reference is now plied by the voltage rails 12 and 26 is essentially tripled. 
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As can be seen, the voltage across capacitor 22 may As can be seen, no more than seven volts is placed 
be as great as fourteen volts. If additional stages were across either capacitor 36 or 40. Additional capacitors 
used, each capacitor would have an increased voltage could be provided in series along with respective 
across it; Hence, high voltage capacitors must be used. switches to the high and low rails 30 and 32 in order to 

FIG. 2 illustrates a schematic representation of the 5 further increase the generated output voltage. Even 
preferred embodiment of the charge pump of the pres- with additional capacitors, no capacitor in the series 
cnt invention. The charge pump 28 has high voltage and would need to handle more than seven volts. Hence, 
low voltage supply rails 30 and 32, shown at seven volts only one capacitor, capacitor 48, needs to be a high 
and zero volts, respectively. A first switch 34 sclcc- .voltage capacitor. 

tively couples a first plate of capacitor 36 to one of the 1° Consequently, a low voltage capaator structure, 
supply rails 30 or 32. Switch 38 selectively couples the such as that shown in FIG. 3, may ^ twed to implement 
high voltage supply rail 30 to the second plate of capaci- capacitors 36 and 40. FIG. 3 lUustratcs a 

tor 36 and to the first plate of capacitor 40. Similarly. cross-sectional side view of structure readily available 
switch 42 selectively couples the low voltage supply « ^'P^^' biCMOS, and similar integrated circuit pro- 
rail to the second pbteofc^citor 36 and the first plate ^5 c«scs. An n tank repon 50 is formed m a substia^S^^ 
of capacitor 40. Diode 44 has an anode connected to the The n tank region is isolated by P regions 54 and 56. A 
high vrftagesupply rail 30 and a cathode coupled to the P ^VP* ^'^""^^ ^ "S""^'^ ^^f^ ^.^""^ 
se^nd plate of capacitor 40. Diode 46 has an anode 5" » ^VP* ^ « ^^J^^^ PjyP*^ 

coupled to the cathode of diode 44 and an cathode difTus«l repon 58. The p type and n type diffused re- 
coupled to the first phte of capacitor 48. The second ^0 gions 58 and 60 may be formed m conjunction with the 
plateofcapacitor48iscoupled tothelow voltagesup- ^ase and emitter diffusions of an npn transis or >^ 
ply rail 32 (or to the high voltage rail, if desired or to ^^:f^J^y" 62 overlies the structure with contacts 64 
inothervoltagenode). If the ch^ge pump 28 is coupled 66 providmg an electncal coupling to the P jVPC 

to a DMOS transistor, the gate/^urce Tnd gate/drain ^^^^^^ '^Pon 58 and the n type d^^^d r^^^n 60 
capacitances can be used afcapacitor 48 by coupling ^"S^^^* ''•^'^^^ 

the cathode of diode 46 to the gate of the DMOS tran ? type diffused regio^^ and p ^P* diffi«ed^r^^^^ 

-ru «f «.;n » well suited for implementing the seven-volt capaci- 

sistor. The operation of the ch^;g*^ P-n'P 28 ^,11 be ^ emitter/mefal capacitor can aliTbe 

discussed m connection with TABLE 1. i„,plemented by forming a metal layer 68 on the emitter 

TABLE 1 30 60. 

FIG. 4 illustrates a MOS implementation of the 
charge pump 28 of FIG. 2. In this embodiment, switch 
34 is implemented by PMOS transistor 70 and NMOS 
transistor 72. The gates of transistors 70 and 72 are 
35 coupled to an input A (shown in FIG. 6). The source of 
PMdS transistor 70 is connected to the high voltage 
supply rail 30 and the source of NMOS transistor 72 is 
cotmected to the low voltage supply rail 32. The drains 
Initially, it is presumed that capacitors 36, 40 and 48 of the transistors 70 and 72 arc coupled to the first plate 
are discharged to zero volts. In step 1, switch 34 couples ^ Qf capacitor 36. 

the low voltage supply rail to the first plate of capacitor Switches 38 and 42 are implemented by PMOS tran- 
36. switch 38 is closed, and switch 42 is open. Hence, sistor 74, NMOS transistor 76 and diode 78. The gates 
capacitor 36 is charged to seven volts. In step 2, the oftransistors 74 and 76 are connected an input B (shown 
high voluge supply rail 30 is coupled to the first plate of in FIG. 6). The sources of transistors 74 and 76 are 
capacitor 36, switch 38 is open and switch 42 is open. 43 coupled to the high voltage rail 30 and the low voltage 
Hence, the first plate of capacitor 36 is at seven volts, . „il 32, respectively. The drain of transistor 74 is cou- 
the second plate of capacitor 36 is boosted to fourteen p\cd to the anode of diode 78. The cathode of diode 78 
volts. The first and second plates of capacitor 40 are is coupled to the drain of transistor 16. 
likewise boosted to fourteen volts. In step 3, switch 34 The operation of the charge pump 28 shown in FIG. 
couples the low voltage supply rail 32 to the first plate 50 4 will be discussed in connection with the timing dia- 
of capacitor 36, switch 38 is open and switch 42 is gram shown in FIG. 6. At to. input A is high and input 
closed. Hence, capacitor 36 is discharged to zero volts. B is low. With input A high, the NMOS transistor 72 is 
and capacitor 40 is charged to seven volts. The sc- enabled and the PMOS transistor 70 is disabled, thereby 
quence of the first three steps puts the charge pump 28 coupling the low voltage supply rail 32 to the first plate 
in the desired initial condition. 55 of capacitor 36. With input B low, PMOS transistor 74 

The three-step cycle described above is repeated in is enabled and the NMOS transistor 76 is disabled, 
steps 4-6. In step 4, the first capacitor is charged to thereby coupling the high voltage supply rail 30 to the 
seven volts, generating a fourteen volt potential across second plate of capacitor 36 and the first plate of capaci- 
the two capacitors 36 and 40. In step 5, the high voltage tor 40. At ti, input A transitions low while input B 
supply rail 30 is coupled to the first plate of capacitor 60 remains low. A low voltage on input A enables PMOS 
36, thereby boosting the voltage on the second plate of transistor 70 and disables NMOS transistor 72, thereby 
capacitor 36 to fourteen volUges and boosting the volt- coupling the high voltage supply line 30 to the first 
age on the second plate of capacitor 40 to twenty-one . plate of capacitor 36. Consequently, the voltage on the 
volts. Hence, capacitor 48 is charged to twenty-one second plate of capacitor 36 is boosted to fourteen volts, 
volts. In step 6, capacitor 36 is discharged, preparing 65 causing diode 78 to decouple the high voltage supply 
the charge pump for the next cycle. The three-step line 30 from the second plate of capacitor 36 and the 
cycle may be repeated as often as necessary to maintain first plate of capacitor 40. even though transistor 74 is 
the desired voltage across capacitor 48. still enabled. 
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At t2, inputs A and B both transition high, enabling itors decreases the size of the devices and the complex- 

NMOS transistors 72 and 76 and disabling PMOS tran- ity of fabricating the capacitors. 

sistors70and74. Hence, the first plate of capacitor 36 is Although the present invention and its advantages 

coupled to zero vohs and the second plate of capacitor have been described in detail, it should be understood 

36 and the first plate of capacitor 40 are coupled to zero 5 that various changes, substitutions and alterations can 

volts. As can be seen from FIG. 6, inputs A ^d B re- be made herein without departing from the spirit and 

peat the three-stage cycle continuously. scope of the invention as defined by the appended 

FIG. 5 illustrates a embodiment of the charge pump claims. 
28 which is implemented using bipolar technology. In What is claimed is: 
this implementation, switch 34 is implemented using 10 1- A charge pump comprising: 
npn transistors 80, 82. and 84, and pnp transistor 86. The voltage and low voltage supply rails having a 
base of transistor 80 is coupled to input A (the inversion predetennmed voltage differential; 
of clock signal A illustrated in FIG. 6) via resistor 88. capacitors coupled in senes; 
Thh collector of transistor 80 is coupled to the high switching circuitry coupled to s^ high voltage 
supply line 30 via resistor 90. and to the base of transis- ^5 and low voltage supply rails and said firet and sec- 
tor 84. The emitter of transistor 80 is coupledto the low capacitor, said first switching circuitry opera- 
voltage supply rail 32. The base of transistor 82 is cou- "e to selectively charge said first and second ca- 
pled to input A via resistor 92. The collector of transis- pacitors to desired voltages; and 
tor 82 is coupled to the high voltage supply rail 30 via switchmg circuitry coupled to said high volt- 
resistor M and to the base of trans^or 86. The emitter ^0 age and low voltage supply raUs and to said first 
of transistor 82 is coupled to the low voltage supply rail f^P^^^^^.' ^^^^^f ^^'^"^^.^ °P^^^?^ 
32. The collector of transistor 84 is connected to the */? ?«l«^^^yely couple said first capacitor to said 
"llSoroft^^ ^^S^-,^^ low voltage supply raUs to said fir^ ca- 
c^u^edtothelowvoltage^^^^^^^ ,3 2. K^ge%lrof^^^^^ 
ter of transistor 86 is coupled to the high voltage supply ^ ^^J^^^ operatively coupled between the 

o . . t J • . ' second capacitor and one of said supply rails. 

. n?*^/® implemented using npn tran- 3 ^^^^^^ ^ ^^^^ 

sistors 96, 98 and 100 and pnp transistor 102. The base of . ^ ^j^^ capacitor operatively coupled between the 

npn transistor 96 « coupled to input B (theinversion of ^ ^^^^ ^^^^^^ ^ ^^^^ 

clock signal B of FIG 6) via resistor 104, The collector ^ ^he charge pump of claim 3 wherein said third 

of transistor 96 is coupled to the high voltage supply rail capacitor comprises the gate of a DMOS transistor. 

30 via resistor 106 and to the base of transistor 100. The 5 charge pump of daim 2 and further compris- 

emitter of transistor 96 is coupled to the low voltage j„g ^ ^^^^^ coupled between said second and third 

supply^ rail 32. The base of transistor 98 is coupled to 35 capacitors to prevent a charge transfer from said third 

input B via resistor 108. The collector of transistor 98 is capacitor to said second capacitor, 

coupled to the high voltage supply rail 30 via resistor 5 xhe charge pump of claim 1 wherein said switch- 

100 and to the base of transistor 102. The emitter of j^g circuitry further comprises a first switch selectively 

transistor 98 is coupled to the low voltage supply rail coupling a first plate of said first capacitor to said high 
32. The collector of transistor 100 is connected to the 40 voltage and low voltage supply rails, 

cathode of diode 112. The anode of diode 112 is con- 7. xhe charge pump of claim 6 wherein said switch- 

nected to the collector of transistor 102. The emitter of j^g circuitry further comprises a second switch for 

transistor 102 is coupled to the high voltage supply rail selectively coupling a second plate of said first capaci- 

30 and the eminer of transistor 100 is connected to the tor and a first plate of said second capacitor to the high 
low voltage supply rail 32. 45 voltage supply rail or to the low voltage supply rail. 

The operation of the charge pump 28 of FIG. 5 is g. The charge pump of claim 7 wherein said second 

similar to the_operation of the charge pump of FIG. 4. switch is operable to decouple said second plate of the 

When input A is low, the first plate of capacitor 36 is first capacitor and the first plate of the second capacitor 

coupled to the low voltage supply rail 32 and when from both the high and low voltage supply rails, 
input A is high, the high voltage supply rail 30 is cou- 50 9. The charge pump of claim 6 wherein said first 

pled to the first plate of capacitor 36. Similarly, when switch comprises a PMOS transistor and an NMOS 

input B is low, the low voltage supply rail 32 is coupled transistor having gates coupled to a clock signal, 

to the second plate of capacitor 36 and to the first plate sources coupled to the high voltage and low voltage 

of capacitor 40. When input B is high, the high voltage supply rails, respectively, and drains coupled to the first 
supply rail 30 is coupled to the second plate of capacitor 55 plate of said first capacitor. 

36 and the first plate of capacitor 40, unless the voltage 10. The charge pump of claim 7 wherein said second 

at the cathode of diode 112 is greater than seven volts, switch comprises a PMOS transistor and an NMOS 

in which case neither supply rail is coupled to the ca- transistor having gates coupled to a second clock signal, 

pacitors 36 and 40. sources coupled to the high voltage and low voltage 
In the preferred embodiment, the seven-volt rail is 60 supply rails, respectively, and drains coupled to the 

internally generated; for example, using a Zener regula- second plate of said first c^>acitor and to the first plate 

tor. Further, a switch may be included in series with of said second capacitor. 

diode 44, 46 or with the output node. This switch would 11. The charge pump of claim 10 and further com- 
be used for the purpose of switching off the device prismg a diode coupled between the drains of the 
coupled to the output of the charge pump 28. 65 PMOS and NMOS transistors. 

The present invention allows a charge pump to be 12. The charge pump of claim 6 wherein said first 

implemented using low voltage capacitors, fabricated switch comprises a pnp and a npn transistor having 

using standard processes. The use of low voltage capac- bases driven responsive to a clock signal, emitters cou- 



pled to said high and low voltage rails, respectively, and 
collectors coupled to the first plate of said Hrst capaci- 
tor. 

13. The charge pump of claim 7 wherein said second 
switch comprises a pnp and a npn transistor having 
bases driven responsive to a clock signal, emitters cou- 
pled to said high and low voltage rails, respectively, and 
collectors coupled to the second plate of said first ca- 
pacitor and the first plate of said second capacitor. 

14. The charge pump of claim 13 and further com- 
prising a diode coupled between the collectors of said 
pnp and npn transistors. 

15. A method of multiplying a supplied voltage com> 
prising the steps of: 

providing first and second capacitors, said first and 
second capacitors each comprising first and second 
plates, said first plate of said second capacitor cou- 
pled to the second plate of said first capacitor; 

providing first switching circuitry operable to selec- 
tively couple said first plate of said second capaci- 
tor and said second plate of said first capacitor to a 
high voltage supply rail and alternatively to a low 
voltage supply rail; 

providing second switching circuitry operable to 
selectively couple said first plate of said first capac- 
itor to said high voltage supply rail and alterna- 
tively to said low voltage supply rail; 
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charging said second capacitor to a first predeter- 
mined voltage; 

charging said first capacitor to a second predeter- 
mined voltage, such that said voltage across said 
5 first and second capacitors is substantially equal to 
the sum of said first and second predetermined 
voltages; and 

increasing the voltage at said first plate of said first 
capacitor, thereby increasing the voltage output 
10 from the second plate of said second capacitor. 

16. The method of claim 15 and further comprising 
the step of charging a third capacitor responsive to the 
voltage on the second plate of said second capacitor. 

17. The method of claim 15 wherein said first prcde- 
15 termined voltage equals said second predetermined 

voltage- 

18. The method of claim 15 wherein said step of 
charging said second capacitor comprises the step of 
selectively coupling said second capacitor between high 

20 and low voltage rails. 

19. The method of claim 18 wherein said step of 
charging said first capacitor comprises the step of selec- 
tively coupling the first capacitor between said high and 
low supply rails. 

25 20. The method of claim 19 wherein said step of in- 
creasing the voltage at said first plate of said first capac- 
itor comprises the step of switching the first plate of said 
first capacitor from said low voltage supply rail to said 
high voltage supply rail. 
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[57] ABSTRACT 

A high efTiciency charge pump includes first and second 
charging transistors for delivering current lo a substrate 
or well and first and second capacitors respectively 
coupled to the first and second charging transistors. A 
control circuit coupled to the first and second charging 
transistors discharges the first capacitor through the 
first charging transistor and prccharges the second ca- 
pacitor during a first half-cycle of a ring oscillator out- 
put signal. The control circuit discharges the second 
capacitor through the second charging transistor and 
prccharges the first capacitor during a second half- 
cycle of the ring oscillator output signal. The control 
circuit also includes first and second symmetrical halves 
respectively coupled to third and fourth capacitors. The 
first, second, third, and fourth capacitors arc energized 
by a four-phase clock signal. 

23 Oaims, 6 Drawing Sheets 
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on a semiconducior iniegraied circuii for efficiently 

HIGH EFFICIENO* CHARGE PUMP delivering charge lo a semiconductor substrate, well, or 

the like. 

BACKGROUND OF THE INVENTION u is another object of the present invention to quickly 

This invention pertains to charge pumps for biasing a ' ^»as the semiconductor substrate or well of an inte- 

semivonducior substrate, well, or the like, and more grated circuii such that the guaranteed circuit perfor- 

particularly, to a method and apparatus for efficienily. mance can be more quickly achieved, 

and therefore more quickly, biasing the substrate or li is still another object of the present invention to 

well to a final desired voltage. inject two current pulses into the substrate or well for 

Charge pumps are well known in the art as an on-chip each cycle of the ting oscillator output signal, 

voltage generator capable of providing a voltage more It is still another object of the present invention to 

positive than the most positive external supply voltage increase the voltage across the charging capacitors of 

and/or negative voltage in the absence of a negative the charge pump, and thus the available charge that is 

external supply voltage. The advantages of charge delivered to the substrate or well, 

pumps are also well known in the an such as providing It is an advantage of the present invention that a 

a bias voltage for the substrate of an integrated circuii circuit embodying the principles of the invention is 

or N-type and P-typc wells, or for providing greater easily fabricated in an integrated circuit without occu- 

outpui voltage swings, among other advantages. pying excessive die area. 

Most charge pumps comprise some variation of the ]{ is another advantage of the present invention that 

ba.sic charge pump 10 shown in the schematic diagram 20 ^j^^ ^-^^ charging transistors necessary to bias a 

of FIG. I. The basic charge pump 10 configuration given substrate or well can be reduced, 

includes a ring oscillator 12 that provides a square wave According to the present invention, a high efficiency 

or pulse !ram having voltage swings typically between ^^arge pump includes first and second charging transis- 

ground and the most positive external power supply tors for delivering current to a substrate or well and first 

voltage VCC. An mvcnor ^ buffer amplifier or 25 ^^^^^^ capacitors respectively coupled to the first 

Schmirt tnggercrcmt may be used to sharpen the edges ^^^^^^ • transistors. A control circuit cou- 

of the oscillating output signal of the ring oscillator 12. «uh tK- r^ct ^ a u ■ * ■ j- 

A capacitor 16 is discharged into the substrate 24 ^'^^^J^ second chargmg transistors dis- 

ihrouch diode-connecred transistors 18 and 20. (Typi- capacitor through the first chargmg 

cally The drain and gate of a diode-connected transistor 30 'I^^^'^''^' ^"^^ precharges the second capacitor dunng a 

are coupled together to form the anode of a diode and '^"^ half-cycle of a nng oscillator output signal. The 

the source forms the cathode of the diode.) Transistor discharges the second capacitor through 

18 is coupled to the external power supply voltage. ^^^^"^ chargmg transistor and precharges the first 

\ CC. at terminal 22. When the ring oscillator 12 pro- capacitor dunng a second half-cycle of the nng oscilla- 

duces a voltage close to ground, circuit node 26 is ap- 35 °"^P"* I" » preferred embodiment, the con- 

proximately at the voltage of the power supply minus a includes first and second symmetrical halves 

transistor threshold voltage, VCC - VT. When the ring respectively coupled to third and founh capacitors. To 

oscillator 12 produces a voltage close to VCC. the in- realize the control function, the first, second, third, and 

cremcntal charge on the capacitor 16 is delivered to the founh capacitors are energized by a four-phase clock 

substrate 24. Capacitor 16 is prevented from discharge 40 signal. 

inc to any other circuit node by the reverse bias on "^^^ foregoing and other objects, features and advan- 

diode-connected transistors 18 and 20. xz^€s of the pre.sent invention are more readily apparent 

In the charge pump 10. one pulse of current is deliv- f^rom the following detailed description of a preferred 

ered to the substrate 24 for every clock cycle of the ring embodiment that proceeds with reference to the draw- 

oscillator. Therefore, charge pump 10 has an active 45 ^"S*- 

half-cycle in which current is delivered to the substrate rpipp r>pc;rR iPTinv op tmp op awimi^c 

24..and the charge asymptotically reaches the final de- ^^^^^ DESCRIPTION OF THE DRAWINGS 

sired voltage. However, charge pump 10 also has an ^^G- 1 is a combined block/schematic diagram of a 

inactive half-cycle in which capacitor 16 is precharged prior an charge pump; 

for the next active half-cycle. Although this inactive 50 FIG. 2 is a schematic diagram of the charge pump 

half-cycle is necessary to precharge the capacitor 16, no according to the present invention; 

current is delivered to the substrate or well 24, which ^^G- 3 is a combined timing diagram and table illus- 

delays the attainment of the final desired voltage, in trating the phase relationship of a four-phase clock 

addition, the voltage across capacitor 16 is limited to coupled to the charge pump of FIG. 2; 

VCC-\n" due to the voltage drop across transistor 18. 55 FIG. 4 is a schematic diagram of the charge pump of 

In most integrated electronic circuits, such as a mem- FIG. 2 further including a pair of level maintenance 

ory chip, it is desirable that the final voltage at the transistors and a pair of incremental charging diodes; 

substrate or well be reached as quickly as possible. FIG. 5 is a schematic diagram of the charge pump of 

Proper device functions and attributes, such as the in- FIG. 2 funher including five diode voltage ciamps; and 

icgrity of stored data, cannot be guaranteed until the 60 FIGS. 6A-6B form a detailed schematic diagram of a 

substrate or well has reached the final value. Therefore, complete charge pump system according to the present 

what is desired is a charge pump that more efficiently invention including a ring oscillator and a four-phase 

delivers current to a substrate or well in order to more clock generator. 



quickly achieve a desired level of voltage bias. 
SUMMARY OF THE INVENTION 
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DETAILED DESCRIPTION 



The following detailed description describes an N- 
It is therefore an object of the present invention to channel charge pump for generating a positive voltage 
provide a method and apparatus that can be fabricated greater than the .voltage of an external positive power 
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supply. V CC. A poMU\ e voliage is desirable for biasing The operation of charge pump 30 is discussed below 

an N-iype substrate or well. It is apparent to those with reference lo FIGS. 2-3. To understand the opera- 

skilkd in the an that a P-channe! version of the charge lion of the charge pump 30 oT FIG. 2. assume as an 

pump can be constructed to generaie a negative vohage initial condition thai circuit nodes P1-P4 and the output 
for biasing a P-type substrate or well to a negative voh- 5 terminal 24 are clamped to the external positive power 

ace in the absence of an external negative supply \'oli- supply voltage minus a transistor threshold voliace 

age. After the N-channel charge pump is described, the (VCC- VT). (The clamping function provided by di- 

desirjble chances lo the circuii configuration for the odes D1-D5 is discussed in greater detail below with 

P-channel charge pump are described. reference to FIG. 5.) Further assume that the four- 
Referring now 10 FIG. 2. the basic circuit conHgura- ^0 phase clock signal is in the logic stale associated with 

tion of a high efficiency charge pump 30 includes Iran- ^^^^ interval A. In the transistion between time inter- 

sistors Ql-06. Each transistor is desirably an N-channel ^'^'^ ^ ^"^ clock signal 63 changes stale from a logic 

fieid-efTeci transistor ("FET") having a gale, a first ^'S^ 3 logic low. The voltage on circuii node P3 

current node (drain), and a second current node changes from VCC~VT to a voltage below 

(source). Since an FET is lypically a symmetrical de- VCC-VT. Transistor Q5 lums off. isolating circuit 

vice, the designation of "source" and "drain" is only ^^^^ output lerminal 24. Transistors 02 

possible once a voliage is impressed on the terminals. ^ isolating circuit nodes P2 and P4 

Charge pump 30 further includes capacitors C1-C4 and ^^^"^ VCC 

an output terminal 24 for biasing a semiconductor sub- transistion between lime intervals B and C, 

sirate or well. The drains of transistors Ql-Q^ are cou- signals 62 and <i)4 each change state from a logic 

pled logciher and to a source of positive suppiv voltage. ^ ^^^^^ voltage on circuit nodes P2 and 

VCC. at lerminal 22. The value of VCC is typically five increases to a voltage slightly less than 2 VCC - VT. 

volts, or about three volts for highlv integrated, sub- voltage is slightly less due to charge sharing with 

mkr-m circuits and systems. In charge pump 30. the P^^rasiiic capacitances associated with each circuii node, 
source ofiransi.siorQl and the drain oftransisiorQS are "* transistor 06 turns on. discharging capacitor C2 and 

coupled together and to one end of capacitor CI at '"j^^ting current into the substrate or well through 

circuit node PI. The other end of capaciior CI receives ^"'^"^ terminal 24. Consequently, the voltage on circui! 

a firs: clock signal, designated 61. The source of iransis- """"flP ^o^^^g^ ^" 0"«P^^ icrmi- 

tor 02 and ihe drain of transistor Q6 are coupled to- "^^^^-^T. Transistors Ql and Q3 also 

gcther and to one end of capacitor C2 at circuit node I"'" circuit nodes PI and P3 to VCC. 

P2. The other end of capaciior C2 receives a second 1""'!^' pi ^ " f 

clock signal, designated 62. The source of transistor 03 ^ ? h , vr^^" S ""^ the output lerminal 24 

and the gates of transistors 02, 04. and 05 are coupled " about VCC- VT. Neither of the current nodes of 

togc.her and to one end of capaciior C3 at circuit node wXtP^.k^n Th'^^ ^u' ^ 5^'"°""' ""^'^ 

P3. The other end ofcapacitorC3 receives a third clock 1^'" 1 f" ^ ^' ^ """''"'^ 

signal, designated 63. The source of transistor 04 and ^^"^"1? , ^ncV?"!?""^"^^ ■ . . ^ 

the pates of transistors 01. 03, and 06 are coupled HnnV-^' TlTl '"''7'^' u 'u"* ^' 

together and to one end of capacitor C4 at circuit node i^^v ' ^'^^ " 

P4. The other end of capacitor C4 receives a founh ^ ' ^ hich establishes a pot^^^^^^ 
clock signal, desicnated 64. The sources of transistors ^ ? of approximately equal to VCCZ^Orcuii node PI 

05 and 06 are coLpled together and to ou^puuerS !nT™H V' " f H ''"'^ ^"^'i 'r'u''' 

24 that is coupled to the substrate or well. Trans^lor vrr . f T'''' ^ "^'^"^ 

05 and 06 are'charging iransi.stors^ial deliver curJem icC- vT '''' " ' ' ' ' 

to the substrate or well. The substrate or well is ulti- .ic t / - • , 

m3.cly biased ,o a voltage. VCCP.. ha, is morrp^iSe rdrl J TlTl '"'T"" ? '"'^ 

than ,he exiernal power suppiv vo .ace VCC T^final *\^^^"f « ' ^.gh ,o a 

valuf nf ih.. lw!c.-^ » vAAd ■ .u '"V ,, 'og'c low, and the voltage on circuit node P4 changes 

equal to^ VC?^ V-? " ^^ou. 2 VCC- VT ,o VCC- VT. Transistor Q6 

Tho timinn ,»u.;^„c»,- r .u • J- -J . . , 'solating circuit node P2 from the output ter- 

naJ^l 7'"'"'"*^'^' f /"'"^'^ ^ ^-e- 50 minal 24. Transistors Ql and Q3 also turn off, isolating 

ThLn P r , ' '^°"^-P''^r f'^"^^ circuit nodes PI and P3 from VCC. ^ 

shou n. Clock signals <fcl and <i,3 each have a r.smg edge clock signals 61 and 43 each change state from a logic 

«LZ2ZZT""T\"' 'o-'oalogichigh.Thevol.ageoncirc»i.nodesP and 

rf JnH ? I f ' rT'' 'L""^ " " ^o'^age slightly less than 2 VCC. Tran- 

Llbre timrii.^!fn1 t f !ff '^'i?'""'^ discharging capacitor CI and inject- 

before fme .ns.an, Tl. Clock signals 42 and 44 each ing current into the substrate or well through output 

,nln? tT-^i i^* , '^^r s.mu haneously a, time terminal 24. Consequently, the voltage on circuii node 

.nstani T2. Clock signal 41 has a falhng edge tha, oc- Pi leaks down lo the voliage on the output teiTninal. 

curs after time mstani T2. and clock signal 43 has a « Traasisiors Q2 and Q4 also turn on. precharging circuit 

falhng edge that occurs before time instant T2. The nodes P2 and P4 to VCC. Transistor Q6 is off since the 

designations A. B. C. D, E. and F in FIG. 3 refer gener- voltage on circuit nodes P2 and P4 is equal to VCC, and 

any 10 time intervals wherein the clock signals are in the output terminal is at about VCC- VT 

one of su possible logic stales. This is also illustrated by In the final transition between time interval F and the 

the table below the time designations. For example. 65 original time interval A. clock signal 42 changes state 

during time interval A. clocks signals 41 and 43 arc in from a logic high lo a logic low, which establishes a 

a logic high state (H). and clock signals 42 and 44 are potential across capacitor C2 of approximately equal lo 

m a logic low state (L). VCC. Circuit node P2 stavs high at a value also equal to 
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\ CC. since the finii and second curreni nodes are at a sisfor Q5. Likewise, iransisior Q8 maintains the gate and 
vohace or about VCC. while the gate is at a voltage source of transistor Q6 at the same potential such that 
shghily less than 2 VCC. The process is repeated in the gaie-to-source voltaee is zero, and the transistor is 
sequence until the final voltage is reached, approxi- off. The source of transistor Q6 is also ivpicallv more 
mau^ly equal lo 2 VCC-VT. 5 positive than the gate or drain as the substrate or- well 

Thus, the basic operation of the charge pump 30 becomes more posiiiveh biased. Since transistor Q6 is 
becms by providing first and second charging transis- off when transistor QS is on during the other half-cycle. 
tors 05 and 06 and first and second capacitors Cl and charge is delivered onlv to the subsiraie or well, and is 
C2. The sources of the charging transistors Q5 and Q6 not discharged from the substrate or well through iran- 
arc coupled to the substrate or well. Transistors Q5 and 10 sistor Q6. 

06 alternatively deliver curreni pulses to the substrate Transistors Q7 and Q8 further guarantee that iransis- 
or well through output terminal 24. First and second tors 05 and 06 remain off during the precharge cycle, 
capacitors Cl and C2 are respectively coupled to the The voltage between nodes PI and P3. and the voltage 
charging transistors. Capacitors Cl and C2 provide the between nodes P2 and P4 are clamped to a voltage less 
charge storage that is converted to a charge pulse when 15 than VT by the action of transistors Q7 and Q8. This 
the capacitors are discharged. Thus, during the first assures that transistors 05 and 06 do not turn on and 
half-cycle of the four-phase clock signal, the first capac- rob charge from the substrate or well, 
iior Cl IS discharged through the first charging transis- Diode-connected transistors Q9 and QlO contribute 
tor 05 and the second capacitor C2 is precharged for incrcmentallv to the charge delivered to the substrate or 
the next half-cycle. Consequently, during the second 20 well by about 1% to 59c. Diode-connected transistor 
half-cycle of the four-phase clock signal, the second 09 leaks the charge off of circuit node P3 onto the drain 
capacitor C2 is discharged through the second charging of charging transistor QS. Circuit node P3 typically 
transistor 06 and the first capacitor Cl is precharged. charges to a voltage of about 2 VCC during one half- 
As the alternative current pulses are delivered to the cycle. This voltage is necessary to turn on transistor Q5 
substrate or well, two for each clock cycle, the voltage 2f> and diiicharge capacitor Cl to the substrate or well 
on the subsiraie or well moves from the initial voltage However, the discharge through transistor Q5 typically 
^L.^^S'" Vi. *° ^^^^^^ voltage of 2 takes less than a full half-cycle. The remaining charge 

<-narge pump 30 is more efficiem than on circuit nodfe P3 is no longer needed for any circuit 
char jc pump 10 shown m FIG. 1. In charge pump 10. function and can itself be discharged to the substrate or 
node 26 can attain a maximum voltage of VCC-VT. 50 well through transistors Q9 and Q^7. Similarly, transistor 
whereas m charge pump 30. nodes PI and P2 can attain QIC provides the same discharge function for the excess 
a ma.\imum voltage of VCC Therefore, an incremental charge stored on circuit node P4 when transistor Q6 is 
charging voliage of VT delivers an incremental charge on and transistor QS is off. Capacitor C5 is coupled 
to the substrate or well that is not available in the prior from the output terminal 24 to ground to help regulate 
an.Thus the .substrate or well reaches the final voltage 35 and smooth out the voltage on the substrate or well 
bias level more quickly. once the final desired voltage is achieved. 

Referring now to FIG. 4. charge pump 30A includes Referring now to FIG. 5. charge pump 30B includes 
a pair of level maintenance transistors Q7 and 08 and a five diode clamps D1-D5 not shown in the basic charge 
pair ofincremental charging transistors 09 and OlO not pump 30 for voltaee clamping appropriate circuit 
shown mihe basic charge pump 30. The gate of the first 40 nodes. Each diode damp is a diode^ronnected FET 
level mamienance transistor 07 is coupled to the gate of Voltage clamps D1-D4 each have a power node (an- 
the transistor 01. the drain of the first level maintenance ode) coupled to the positive supply voltage VCC and a 
transistor Q7 is coupled to the drain of transistor 05. clamping node (cathode) respectively coupled to the 
and the source of the first level maintenance transistor end of capacitors C1-C4 not coupled to the four-phase 
07 is coupled to the gate of transistor 05. The gate of 45 clock. A fifth voltage clamp D5 has a power node cou- 
the second level maintenance transistor 08 is coupled to pled to VCC and a clamping node coupled to the output 
the gate of the transistor 02. the drain of the first level terminal 24. y 
maintenance transistor 08 is coupled to the drain of To improve the efficiency of the basic charge pump 
transistor Q6. and the source of the first level mainle- 30 it is desirable that circuit nodes be initially clamped 
nance transistor QS is coupled to the gate of transistor 50 to voltages that are as close to the final voltage on that 
06. Charge pump 30A also includes a first incremental circuit node as possible. Initially, the most positive volt^ 
charging diode-connected transistor Q9 coupled be- age available in the circuit is VCC. Therefore circuit 
t ween the gate and the drain of transistor Q5 and a nodes P1-P4 and VCCP are all clamped to a voltage 
second incremenia] chargmg diode-connected transis- equal to (i.e. not more negative than) VCC-VT Stan- 
tor coupled between the gale and the drain of transistor 55 ing at this positive voltage eliminates at least one clock 
. cycle delay in obtaining the final desired output voltaee 

TransLSlor Q7 turns on whenever transistors Ql, 03, at terminal 24. After one clock cycle is passed the diode 
and 0.6 turn on. Similariy. transistor Q8 turns on when- clamps D1-D5 turn off, since all circuit nodes have 
ever transistors Q2. Q4, and Q5 turn on. Transistor Q7 reached at least a voliage equal to VCC Thus diode 
maintains the gate and the source of transistor 05 at the 60 clamps D-D4 ensure that circuit nodes P1-P4 are pre- 
same potential such that the gate-to-source voltage is charged properiy to VCC-VT. and the output is also 
zero, and the transistor is off. The source of transistor precharged to VCC-VT. The charge pump 30 only 
Q5. which IS also the output terminal 24. is typically has increase the output voliage from the initial value of 
more positive than the gate or drain as the substrate or VCC-VT" to VCCP. Without the diode clamps 
well becomes more positively biased. Since transistor 65 D1-D5. the output voliage is initially at ground. Thus 
05 is olTwhen transistor Q6 IS on during one half-cycle. the diode clamps D1-D5 provide a '^head start" on 
charge is delivered only to the substrate or well, and is charging the substrate or well, which minimizes charg- 
not discharged from the substrate or well through tran- ing time to the final desired voltage 
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Referring now to FIGS. 6A and 6B. a complete 

charge pump system 40 is shown including a ring oscil- ■continued 

lator 12. conditioning circuit 14. four-phase clock gen- 
erator 42. and a charge pump circuit 30C,. including the 
combination of all clamps and additional transistors of 5 
charge pumps 30. 30A. and 30B. For simplicity, ihe 
positive voltage VCC in FIGS. 6A and 6B is depicted in 
ihc conventional manner as a short horizontal solid line. 
The ring oscillator 12 conveniionally includes a number 
of serialty<onnected invercor stages. Each invertor 10 
stage includes a P-channel FET and mo N-channel 
FETs. Alternatively, each invertor stage can have two 
serially-connected P-channel FETs and one N-channel 
FET, or simply one N-channcl FET and one P-channel 
FET. The exact circuit design for the invertor stage 1? 
depends upon the delay desired for each stage, and 
convcquently. the fmal operating frequency of the ring 
oscillator 12. Conditioning circuit 14 includes two in- 
verters and two cross-coupled NAND gates for provid- In the above table, it is apparent that the charging 
ing an output signal with sharp-edge transitions be- 20 transistors Q5 and Q6. capacitors Cl. C2. C5. and dFode 
iwecn the logic low and high states. The output of the clamp D5 are desirably made large in comparison to 
conditioning circuit 14 is fed back to the input of the o^her circuit elements. The reason for the large size of 
ring oscillator 12 to start and maintain the oscillation. ^^^^^ circuit elements is that they are involved in trans- 
Conditioning circuit 14 serves to buffer the drive of the ferring large current pulses to the substrate or well. The 
ring oscillator 12. The conditioning circuit 14 can be - ne.xi-largesi circuit elements are transistors Ql and Q2. 
completely eliminated if ring oscillator 12 has sufilcicni capacitors C3 and C4. The reason for the compara- 
drive capability. The four-phase clock generator 42 «j^ely large size of these circuit elements is that capaci- 
recfives a one-phase clock signal from the ring oscilla- '^^^ and C4 must have sufficient capacitance to 
tor 12 and conditioning circuit 14. and generates the precharge circuit nodes PI and P2. but these circuit 
four-phase clock signal including component clock nodes must be quickly precharged (within one half- 
signals 61-64 having the timing characteristics shown ^>'c'^ of the clock signal). 

in FIG. 3. The four-phase clock generator 42 creates shown that the charge pump of the pres- 

clock signals 61-64 by providing dela\ paths of un- invention is capable of quickly biasing the semicon- 

equal for the rising edge and the falling edge of the basic ductor substrate or well of an integrated circuit such 

one-phase clock signal. The unequal delay paths are ^- ^^^^ guaranteed circuit performance can be more 

provided for an inverted and non-inverted half to create quickly achieved. The increase in efficiency is due, in 

a toial of four clock signals. It can be shown by those ^^^^ charging circuit nodes Pi and P2 fully to VCC, 

skilled in the an that clock generator 42 creates the ^^'hich increases the total amount of charge delivered to 

clock signals shown in FIG. 3. It is also appreciated by substrate or well The basic circuit configuration of 

those .skilled in the art that many other .such circuits for ^ charge pump 30 includes only six transistors and 

generating a ft)ur-phasc clock signal with the character- capacitors and therefore can be easily fabricated in 

isiics .shown in FIG. 3 are possible by an appropriate ^" integrated circuit without occupying excessive die 

combination of logic elements. ' charging transistors necessary to bias a given 

Charge pump 30C is essentially the combination of all substrate or well can be reduced by a factor of at least 

circuit elements contained in the previouslv discussed ^^'^^ because of the two charging 

charge pumps 30. 30A. and 30B. The notable difference J^"'^" per clock cycle. 

is that capacitors C1-C4 are shown as capacitor-con- N-channel substrate pump, wherein all transis- 

necied transistors. A capacitor-connected transistor is a '^'*^' capacitors, and diodes are formed of N-channel 

transistor wherein the gate forms one plate of a capaci- <rans|siors, has been described above for generating a 

tor. and the drain and source are shorted together to Posuive voltage more positive than the most positive 

form the other plate of the capacitor. The following ^'^'emal power supply vohage. The following changes 

values and W/L ratios are desirable for charge pump desirable to create an all P-channel substrate pump 

30: (Note: W/L ratios are expressed in terms of the generating a negative vohage at the output terminal 

minimum feature size of the photolithographic process ?^ sunMc for biasmg a P-type substrate, well, or the 

that is used. For example, in a 1 micron process, a desig- „ : transistor Ql-QlO is ideally replaced with a 

naticm of 15/1 refers to 15 microns by 1 micron It FET. Kefernng to FIGS. 2, 4. or 5. circuit 

should also be noted that the following W/L ratios are ""^^^ " coupled to ground instead of VCC. Thus, 

desirable for a particular application. These values can ^^^"^J^^ors Q1-Q4, and diode clamps D1-D5 are each 

change for other applications and are dependent upon ^ co"P at one end to ground mstead of VCC. Each of 

the operating frequency of the ring oscillator 12. the ^ ^he clock signals retams the relative timing relationships 

amount of charging current desired, as well as other f^'''''" '^^P however m the P-channel version, 

factors.) . however each clock signal 61-64 is inverted in polar- 
ity. The final voltage at the output terminal 24 is equal 

to VT— 2 VCC. and is sometimes designated VBB. 

Circun cicmcni u • L ratio r.r vatui- 65 Having illustrated and described the principles of my 

01 90/1 invention in a preferred embodiment thereof, it is appar- 

Q2 90/1 ent to those skilled in the art that the invention can be 

^5''' modified in arrangement and detail without departing 
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from such principles. I claim all modifications coming 
within the spirit and scope of the accompanying claims. 
I claim: 

1. A high efficiency charge pump comprising: 

first and second charging transistors for delivering 5 
current to a substrate or well: 

first and second capacitors hav ing a first node respec- 
tively coupled to the first and second charging 
transistors and a second node for respectively re- 
ceiving first and second clock signals; 10 

a control circuit including first and second symmetri- 
cal halves coupled to the first and second charging 
transistors for discharging the first capacitor 
through the first charging transistor and precharg- 
ing the second capacitor during a first time inter\'al 15 
and for discharging the second capacitor through 
the second charging transistor and precharging the 
first capacitor during a second lime interval; 

a third capacitor having a first node coupled to the 
first symmetrical control circuit half and a second 20 
node for receiving a third clock signal: and 

a fourth capacitor having a first node coupled to the 
second symmetrical control circuit half and a sec- 
ond node for receiving a fourth clock signal. 

2. A high efficiency charge pump as in claim 1 in 25 
which 

the first and third clock signals each have a transition 
from a first logic state to a second logic state that 
occurs simultaneously at a first time instant, the 
second clock signal has a transition from the sec- 30 
ond logic state to the first logic state that occurs 
after the first time instant, and the fourth clock 
signal has a transition from the second logic state to 
the first logic state that occurs before the first time 
instant, and 35 

the second and fourth clock signals each have a tran- 
sition from the first logic state to the second logic 
state that occurs simultaneously at a second time 
instant, the first clock signal has a transition from 
the second logic state to the first logic state that 40 
occurs after the second time instant, and the third 
clock signal has a transition from the second logic 
state to the first logic state that occurs before the 
second time instant. 

3. A method for efficiently charging a substrate or 45 
well, the method comprising the steps of: 

providing first and second charging transistors: 
coupling the first and second charging transistors to 

the substrate or well for delivering current thereto; 
coupling first and second capacitors respectively to 50 

the first and second charging transistors: 
di.scharging the first capacitor through the first 

charging transistor and precharging the second 

capacitor during a first time interval; 
discharging the second capacitor through the second 55 

charging transistor and precharging the first capac- 
itor during a second time interval: 
coupling a third capacitor to a control node of the 

first charging transistor; and 
coupling a fourth capacitor to a control node of the 60 

second charging transistor. 

4. A method for efficiently charging a substrate or 
well as in claim 3 further comprising the steps of: 

providing first, second, third, and fourth clock sig- 
nals; and 65 

energizing the first, second, third, and fourth capaci- 
tors with the respective first, second, third, and 
fourth clock signals. 
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5. A method for efficiently charging a substraie or 
well as in claim 3 further comprising the steps of: 

providing first, second, third, and fourth clock sig- 
nals. 

the first and third clock signals each having a transi- 
tion from a first logic state to a second logic state 
that occurs simultaneously at a first time instant 
and the second and fourth clock signals each hav- 
ing a transition from the first logic state to the 
second logic state that occurs simultaneously at a 
second time instant; and 

energizing the first, second, third, and fourth capaci- 
tors with the respective first, second, third, and 
founh clock signals. 

6. A method for efficiently charging a substrate or 
well as in claim 3 further comprising the steps of: 

providing first, second, third, and fourth clock sig- 
nals, 

the second clock signal having a transition from a first 
logic state to a second logic slate that occurs after 
a first time instant, and the fourth clock signal 
having a transition from the first logic state to the 
second logic state that occurs before a first time 
instant. 

the first clock signal having a transition from the first 
logic state 10 the second logic state, that occurs 
after a second lime instant, and the third clock 
signal having a transition from the first logic state 
to the second logic state that occurs before a sec- 
ond time instant; and 

energizing the first, second, third, and fourth capaci- 
tors with the respective first, second, third, and 
fourth clock signals. 

7. A high efficiency charge pump comprising: 
first, second, third, fourth, fifth, and sixth transistors 

each having a gale, a first current node, and a sec- 
ond current node; 

first, second, third, and fourth capacitors each having 
a first node and a second node; and 

an output terminal for biasing a substrate or well, 
wherein 

the first current nodes of the first, second, third, and 
fourth transistors are coupled together and to a 
source of supply voltage. 

the second current node of the first transistor and the 
first current node of the fifth transistor are coupled 
together and to the first node of the first capacitor, 
the second node of the first capacitior receiving a 
first clock signal. 

the second current node of the second transistor and 
the first current node of the sixth transistor are 
coupled together and to the first node of the second 
capacitior, the second node of the second capacitor 
receiving a second clock signal, 

the second current node of the third transistor and the 
gates of the second, fourth, and fifth transistors are 
coupled together and to the first node of the third 
capacitor, the second node of the third capacitor 
receiving a third clock signal, 

the second current node of the fourth transistor and 
the gales of the first, third, and sixth transistors are 
coupled together and to the first node of the fourth 
capacitor, the seocnd node of the fourth capacitor 
receiving a fourth clock signal, and 

the second current nodes of the fifth and sixth transis- 
tors are coupled together and to the output termi- 
nal. 
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from such principles. I claim all modifications coming 
within ihtf spirit and scope of the accompanying claims. 
I claim: 

1. A high efficiency charge pump comprising: 

first and second charging transistors for delivering 5 
current to a substrate or well: 

first and second capacitors having a first node respec- 
tively coupled to the first and second charging 
transistors and a second node for respectively re- 
ceiving first and second clock signals: 10 

a control circuit including first and second symmetri- 
cal halves coupled to the first and second charging 
transistors for discharging the first capacitor 
through the first charging transistor and precharg- 
ing the second capacitor during a first time interval 15 
and for discharging the second capacitor through 
the second charging transistor and precharging the 
first capacitor during a second time interval; 

a third capacitor having a first node coupled to the 
first symmetrical control circuit half and a second 20 
node for receiving a third clock signal: and 

a fourth capacitor having a first node coupled to the 
second symmetrical control circuit half and a sec- 
ond mxic for receiving a fourth clock signal. 

2. A high efficiency charge pump as in claim 1 in 25 
which 

the first and third clock signals each have a transition 
from a first logic slate to a second logic state that 
occurs simultaneously at a first time instant, the 
second clock signal has a transition from the sec- 30 
ond logic state to the first logic state that occurs 
after the first time instant, and the fourth clock 
signal has a transition from the second logic state to 
the first logic state that occurs before the first time 
instant, and 35 

the second and fourth clock signals each ha\ e a tran- 
sition from the first logic state to the second logic 
state that occurs simultaneously at a .second time 
instant, the first clock signal has a transition from 
the second logic state to the first logic state that 40 
occurs after the second time instant, and the third 
clock signal has a transition from the second logic 
stale to the first logic state that occurs before ihe 
second time instant. 

3. A method for efficiently charging a substrate or 45 
well, the method comprising the steps of: 

providing first and second charging transistors: 
coupling the first and second charging transistors to 

the substrate or well for delivering current thereto; 
coupling first and second capacitors respectively to 50 

the first and second charging transistors: 
discharging ihe first capacitor through the first 

charging transistor and precharging the second 

capacitor during a first time interval; 
discharging the second capacitor through the second 55 

charging transistor and precharging the firsi capac- 
itor during a second time interval: 
coupling a third capacitor to a control node of ihe 

first charging transistor; and 
coupling a founh capacitor to a control node of the 60 

second charging transistor. 

4. A method for efficiently charging a substrate or 
well as in claim 3 funher comprising the steps of: 

providing first, second, third, and fourth clock sig- 
nals; and 65 

energizing the first, second, third, and fourth capaci- 
tors with the respective first, second, third, and 
founh clock signals. 
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5. A method for efficiently charging a substrate or 
well as in claim-3 further comprising the steps of: 

providing first, second, third, and founh clock sig- 
nals. 

the first and third clock signals each having a transi- 
tion from a first logic stale to a second logic state 
that occurs simultaneously at a first time in.siant 
and the second and fourth clock signals each hav- 
ing a transition from the first logic state to the 
second logic state that occurs simultaneously at a 
second time instant; and 

energizing the first, second, third, and fourth capaci- 
tors with the respective firsi. second, third, and 
fourth clock signals. 

6. A method for efficiently charging a substrate or 
well as in claim 3 further comprising the steps of: 

providing first, second, third, and fourth clock sig- 
nals. 

the second clock signal having a transition from a first 
logic state to a second logic state that occurs after 
a first time instant, and the fourth clock signal 
having a transition from the first logic state to the 
second logic state that occurs before a first lime 
instant. 

the first clock signal having a transition from the first 
logic state to the second logic state, that occurs 
after a second lime instant, and the third clock 
signal having a transition from the first logic state 
10 the second logic state that occurs before a sec- 
ond time instant; and 

energizing the first, second, third, and fourth capaci- 
tors with the respective first, second, third, and 
fourth clock signals. 

7. A high efficiency charge pump comprising: 

first, second, third, fourth, fifth, and sixth transistors 
each having a gate, a first current node, and a sec- 
ond current node; 

first, second, third, and fourth capacitors each having 
a first node and a second node; and 

an output terminal for biasing a substrate or well, 
wherein 

the first current nodes of the first, second, third, and 
fourth transistors are coupled together and to a 
source of supply voltage, 

the second current node of the first transistor and the 
first current node of the fifth transistor are coupled 
together and to the first node of the first capacitor, 
the second node of the first capacilior receiving a 
first clock signal, 

the second current node of the second transistor and 
the first current node of the sixth transistor are 
coupled together and to the first node of the second 
capacitior, the second node of the second capacitor 
receiving a second clock signal, 

the second current node of the third transistor and the 
gates of the second, founh, and fifth transistors are 
coupled together and to the first node of the third 
capacitor, the second node of the third capacitor 
receiving a third clock signal, 

the second current node of the fourth transistor and 
the gates of the first, third, and sixth transistors are 
coupled together and to the first node of the fourth 
capacitor, the seocnd node of the fourth capacitor 
receiving a founh clock signal, and 

the second current nodes of the fifih and sixth transis- 
tors are coupled together and to the output termi- 
nal. 



8. A high efTiciency charge pump as in claim 7 in 
which ihc first, second, third, fourth, fifth, and sixth 
iransisiors each comprise an N-channel field-effect tran* 
sisior. 

9. A high efficiency charge pump as in claim 7 in ^ 
which the first, second, third, fourth, fifth, and sixth 
transistors each comprise a P-channel field-effect tran- 
sistor. 

10. A high efficiency charge pump as in claim 7 in 
which the first second, third, and fourth capacitors each 
comprise an N-channel, capacitor-connected field- 
effect transistor. 

11. A high efficiency charge pump as in claim 7 in 
which the first, second, third, and fourth capacitors 
each comprise a P-channcl. capacitor-connected field- 
efTeci transistor. 

12. A high efficiency charge pump as in claim 7 fur- 
ther comprising: 

first, second, third, and fourth voltage clamps each 20 
having a power node coupled to the source of 
supply voltage and a clamping node respectively 
coupled 10 the second node of first, second, third, 
and fourth capacitors: and 

a fifth voltage clamp having a power node coupled to 25 
the source of supply voltage and a clamping node 
coupled to the output terminal. 

13 A high efficiency charge pump as in claim 7 fur- 
ther comprising first and seocnd level maintenance 
transistor each having a gate, a first current node, and a -^0 
second current node, wherein 

tht gate of the first level maintenance transistor is 
coupled 10 the gate of the first transistor, the first 
current node of the first level maintenance transis- 
tor is coupled to the first current node of the fifth 
transistor, and the second current node of the first 
level maintenance transistor is coupled to the gate 
of the fifth transistor, and 

the gate of the second level maintenance transistor is 
coupled to the gate of the second transistor, the 
first current node of the second level maintenance 
transistor is coupled to the first current node of the 
sixth tran.sisior. and the second current node of the 
second level maintenance transistor is coupled to 45 
the gate of the sixth transistor. 

14. A high efficiency charge pump as in claim 7 fur- 
ther comprising: 

a firs! incremental charging diode coupled between 
the gate and the first current node of the fifth tran- 50 
sistor; and 
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a second incremental charging diode coupled be- 
tween the gate and the first current node of the 
sixth transistor. 

15. A high efficiency charge pump as in claim 7 fur- 
ther comprising a capacitor coupled between the output 
terminal and ground. 

16. A high efficiency charge pump as in claim 7 in 
which 

the first and third clock signals each have a transition 
from a first logic state to a second logic state that 
occurs simultaneously at a first time instant, the 
second clock signal has a transition from the sec- 
ond logic slate to the first logic state that occurs 
after the first instant, and the fourth clock signal 
has a transition from the second logic state to the 
first logic state that occurs before the first time 
instant, and 

the second and fourth clock signals each have a tran- 
sition from the first logic state to the second logic 
state that occurs simultaneously at a second time 
instant, the first clock signal has a transition from 
the second logic state to the first logic state that 
occurs after the second time instant, and the third 
clock signal has a transition from the second logic 
state to the first logic state that occurs before the 
second time instant. 

17. A high efflcency charge pump as in claim 12 in 
which the first, second, third, fourth, and fifth voltage 
clamps each comprise an N-channel. diode-connected 
field-effect transistor. 

18. A high efficency charge pump as in claim 12 in 
which the first, second, third, fourth, and fifth voltage 
clamps each comprise a P-channel, diode-connected 
field-effect transistor. 

19. A high efficiency charge pump as in claim 13 in 
u hich the first and seocnd level maintenance transistors 
each comprise an N-channel field-effect transistor. 

20. A high efTiciency charge pump as in claim 13 in 
which the first and second level maintenance transistors 

40 each comprise a P-channel field-effect transistor. 

21. A high efficiency charge pump as in claim 14 in 
which the first and second incremental charging diodes 
each comprise an N-channel, diode-connected field- 
effect transistor. 

22. A high efficiency charge pump as in claim 14 in 
which the first and second incremental charging diodes 
each comprise a P-channel, diode-connected field-effect 
transistor. 

23. A high efficiency charge pump as in claim 15 in 
which the value of the capacitor is about 300 picofarads. 

* • • • • 
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[57] ABSTRACT 

A charge pump circuit including a step-up section (1) 
having an output point to which a load is connected, the 
step-up section (1 ) having a function to step up an 
output potential from a predetermined potential lower 
than a potential (Vpp) of a power supply to a desired 
potential higher than the power supply potential (Vi>p), 
wherein the charge pump circuit comprises initia] po- 
tential setting switch (N|o) connected between the 
power supply and the output point of the step-up sec- 
tion (1), and operative so that it is turned on with the 
beginning of the step-up operation of the step-up section 
(1) to propagate the power supply potential (Vpp) to the 
output point of the step-up section (1), and that it is 
turned off in a suitable time. With the beginning of the 
step-up operation of the step-up section (1), the initial 
potential setting switch (N lo) is turned on. As a result, a 
power supply potential (Vpp) is propagated to the out- 
put point of the step-up section (1). Thus, the output 
potential is initially set to a relatively high potential 
obtained by subtracting a voltage drop of the initial 
potential setting switch (Nio) from the power supply 
potential (Vpp^. When the output of the step-up section 
(1) rises to some extent in a suitable time, the initial 
potential setting switch (Nio) is turned off. After that, 
the step-up section (1) delivers a voltage to the load. 

5 Claims, 4 Drawing Sheets 
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1 2 

operation in this charge pump circuit is expressed as 

auRGEFUMPcntcurr foUows: 

BACKGROUND OF THE INVEimON KoOT-<»-»>p-»'nHW-»'JW«-»'»lww . <« 

J^^^^Lt'nS,' T** ' where Vraiw. Vraw and Vthw represent threshold 

more particuJarly to a charge pump circuit used for , ^ oS«s N* N6 and N,. respeetivdy. 

dnvmg a senncondnctor non-volatile memory having tw1„^„/^!I!Z^ .uL 
FAMOS (Hoating gate avalanche injection MOS) tal P*""*^ "? cwiSKtoably lower ^ Uhs 

ristois as respective^ u«ectK)nMU5,t«u,. .ppUed p.^ jx)»e«t«l V,^ Forewmpte when •!» 

In an EPROM or a Hash EEPROM. etc., having » „ X'^ v ,L ™ J, -„.JSS 

FAMOS transistors as their cells, a high potential called ^V^Hlzl""^''^,™^^ ^'.^mS 
a program potential. V,,is artSmltyTi^Bed thereto in equal to a value expressed below: 

Onler to eflfect a write operation, Lc, to inject electrons Pb«T(0)« 12.5-2.5x3=5 v 

into the floatiBg^te of the cell. 

^^^^r^^ ""P^^^" Further, an initia] potential Vb (0) on the point B will 

a typica^ EPROM « shown m FIG 1. A program po- j,^^ ^ ^ aValuc expressed below: 
tential Vf!P IS apphed to the dram of a cdl transistor N3 

through N-channd transistors N| and N2 as shown. In Vmm- VTUN6 (^Y 

this example, the transistors Ni and N2 are called a 

•Svrite transistor" and a ^-select transistor". lespec- Thereafter, when a dock is deUvercd to a step-up 

^^y- capacitor C, a potential on the pcnnt B b stepped up by 

When a high potential is applied to the drain D of the to a potential of the clock (e.g.. a value corresponding 

cell transistor N3 and a program potential Vpp]& implied to V«> where the clock is of the V«» system). As a 

to the control gate CG as shown in FIG. 2. electrons are 25 result, this potential is passed through the transistor N7 

injected into the floating gate FG by the avalanche (subjected to a voltage drop corresponding to Vtbnt) 

injection. Cells to which electrons have been iiyected ^ appears on the ou^ut Vot/r This results in no 

undergo an increase in the threshold voltage V^. Writ- voltage drop in the transistor N5. Thus the program 

ing into these cells is, thus, performed. On the other potential appears on the point A as it is and a potential 
hand, cells to which no electrons are injected undergo jq the point B is expressed as foUows 
no change in the threshold voltage Vt^^. Thus, the 

programming of **0'* and **r* is carried out in depen- K^sF/yeKiHJve (3X 

dency upon difference of the threshold voltage. 

Referring to FIG. 3, there is shown a rise characteris- This potential is further stepped up by a potential of the 

tic of the threshold voltage \th vs. the program volt- 35 clock (e.g., a value corresponding to V«>) and is sub- 

s^e application time to the gate of each cell. This figure jected to voltage drop corresponding to the threshold 

shows that, when a potential on the drain is taken as a voltage \thni of the transistor N7, with the result that 

parameter, the rise characteristic of the threshold volt- it appears on the output Woim Accordingly, the output 

age varies as indicated by the curves c, b and a in order potential Voc/r fmaliy obtained is expressed at the maxi- 

recited according as the potential on the drain is m- 40 mum as follows: 
creased. Accordingly, it is considered that the potential 

on the drain and the write time T/>iF(time until the yo(rr=ypp-yTKM-¥VcLocK-VTmn (4). 

threshold voltage reaches a predetermined threshold 

voltage Vtho) are correlative with each other. Namely, wherein V CLOCK is a potential of the clock (e.g. Vp/). 
it is preferable that the potential on the drain is high if 45 It is to be noted that a scheme is practically employed 

the write time Tpw 'vi desired to be shortened. to further provide a transistor Ng for limiter on the 

To realize this, the following measure is taken: Since output point, thus limiting the output potential Voc/rto 

the write operation is conducted through the N-channel about ^pp-^ a (a is a desired step-up value). In addition, 

transistors Ni and N2 as previously shown in FIG. 1, a scheme is also employed to deliver an ordinary poten- 

gate control potentials Vpo of these transistors Ni and 30 ^ ^DD for read operation through a D (depletion) 

Nias previoudy shown in FIG. 1, a gate control poten- type transistor N9 at the time of nonprogranEmung, thus 

tial Vk; for thoe transistors N| and N2 is set to a value to stand by readout operation, 
higher than the program potential thus preventing The problem with such a amventxmal charge pump 

voltage drops on these N-channel transistors Ni and N2. circuit is that the initial value VaoTot the output poten- 

To obtain a high potential of the gate control potential 55 tial is lower than the program potential V/^as given by 

Vpc a charge pump circuit is used. Such a technology the equation (1). Inconvenience due to this fact occurs 

is disclosed in, e.g., J. PATHAK et a]., **A 19-ns 250 mainly when the load of the step up circuit is large. 

mW CMOS Erasable Programmable Logic Device**, Namely, since the step up efficiency is poor in the case 

IEEE JOURNAL OF SOLID-STATE dRCUTTS, of a large load, it wiU take much time for rising of the 

VOL. SC-21, No. 5, OCTOBER, 1986. 60 output as described above. For this reason, write time 

A conventional circuit and its equivalent are shown Tpii^may be rather prolonged, 
in FIGS. 4 and 5, respectively. In this example. N-chan- * summary OF THF IMVPKmnK 

nel MOS transistors Ns and N7 equivalenUy serve as SUMMARY OF THE INVENTION 

diodes as shown in FIG. 5, respectively. These transis- An object of this invention is to provide a step up 

tors serve to block a reverse-current and hold a stepped- 65 circuit such that an initial value of the output potential 

up voltage. is relatively high, and that the rise characteristic is ex- 

As seen from FIG. 4. an output potential (initial po- cellent, resulting in no possibility that write time is 

tential) Vo£/r(0) at the time of beginning of the step-up prolonged even in the case of a large load. 
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A charge pump circuit according to this invention nF^ruTPnov oi? tux: PPCtTPPBPn 

includes a step-up section having an output point to ucoi^juriiuw ur int rwriirKJUixi 

which a load is connected, the step up section having a EMBODIMEhJTS 

fimction to step up an output potential from a first pre- Preferred embodiments according to this invention 

determined potential lower than a potential of a power 5 will now be described with reference to the attached 

supply to a desired potential higher than the power drawings. 

sui^ly potential, characterized in that the charge pump initially referring to FIG. 7, there is shown an em- 

cucuit includes an initial potential setting switch means bodiment of a charge pump circuit according to this 

connected between the power supply and the ou^ut invention. Tht charge pump dicuit of this embodiment 

point of the stqvup section, and operative so that it is 10 indudes a step-op section 1 of the same configuration as 

turned on with the beginning of the step-up operation of that of the oonventibnal step-up section shown in FIG. 

the step up section to transmit the power supply poten- ^ £ (enhancement) type N-cfaannd MOS* tran- 

tial to the output point of the step up section, and opera- sistorNiohaving a source and a dram connected to the 

tive so that it is turned on with the beginning of the ou^ut point of the step-up section I and a power source 

stepping up operation of the step up section to propa- 15 ofthe program potential Viysystem, respectively. This 

gate the power supply potential to the output point of transistor Niofimctions as foUows. When an initial step- 

thcst^ up section, and is tittned off in a suit^ «P «tart signal (Vi,i>s^tem) is deKvcred to its gate, the 

Jto this step up circuit the nutial potentwl setting transistor Nio is turned on. thus setting the oi^ po- 

SMOtchmg means is turned on^^^ tentialVoiTOf the step-up section 1 to an initJpotin. 

step-up operation, whereby the power supply potential 20 ^ *^ *^ *^ 

ispropagated to the output point of the step-up section. ^ ^^^^^ j ^^^^^ ^ N^hannel transis- 

^.W^hTw'^^?^ ""^^ V tor N4 mTVuP operation start switch, which is 

toghpotentudobtiunedbysubtractingavoltage^ turned on in r^onse toan input of the st^up start 

the imtial potential settms switch mf^n^ from the w« «i mpviuc; uj bm iu|iui ui uic ^t^y-uy mm*. 

power supp^potentiiuTL^ an^m 25 «8naltothegateth^eof to output, to Ae^^^ 

S?the ste^upSction itsetf rises up to such a rSlSI^S ??'"^ Vp^f^PP^f to the dram thereof^ 

high initial set potential, an output from the powci N^hannelua^Neas a^ 

supply is delivered to the load through the initial ^ten- <»^^}o «>urce of the tranastor N4; a s^up 

tial setting switch means. For this reason, a load allied ^Pap^r 9 having one end connected to the cathode of 

to the step-up section is lessened. Thus, the sti^hup 30 ?f «hus to add a potential of a clock 

section can rapidly raise the output When the output of ^'"'^ °^ system) apphcd to the other end 

the step-up section rises to some extent in a suitable ^ ^ cathode potential of the first diode Ne; and 

time, the initial potential setting switch means is turned ^ N-channel transistor N7 as a second diode having an 

off. After that, the step up circuit delivers an output to connected to the cathode of the first diode N^, 

the load. After the output of the step up section rises to 35 * cathode serving as the ou^t point of the siep-up 

a value close to the power supply potential by this turn- section 1. 

off operation, a reverse-current from the charge pump ^ ^ embodiment, the first diode N« serves to pre- 
circuit to the power supply is blocked, thus preventing * current from reversely flowing from the stepped 
the step-up characteristic from being deteriorated. Ac- cathode side to the anode side of a low potential, 
cordingly* the step-up characteristic is drastically im- 40 thus to hold a stepped up cathode potential. Further, the 
proved. In additkm, ance the number of elemente added second diode N7 serves to prevent a current from re- 
in order to obtain such a conspicuous effect is small, yersdy flowing from the cathode side to the anode ade 
thisre is no possibility that such elements occupy a broad ^^ea the dock falls, thus to hold a stepped up output 
pattern area, giving |iinjn»ncff to miniaturization^ potential Voi/t*. The step-up section 1 ftuther includes 

45 anN-channeltransistor N5 provided in.paralld with the 

BRIEF DESCRIPTION OF THE DRAWINGS first switch N4 and having a gate to which the output 

In the accompanying drawings: potential VouT^ delivered. 

FIG. 1 is ah equivalent circuit at the time of write transistor N5 ftmctions as follows. When an 

operation of a ty^U^al EPROM, output potential Vour stepped up so that it is higher 

FIG. 2 is a view showing the writing princ^ of a SO than the program potential V/pis applied to its gate, the 

typical EPROM cell, tranastor N5 outputs the program potential Vppon the 

FIG. 3 is a write characteristic diagram of the typical drain side to the source side as it is without a voltage 

EPROM ceU^ drop to aUow the first switch N4 to undergo no voltage 

FIG. 4 is a circuit diagram showing an example of a drop, thus to provide a further improved step-up char* 

conventional step up circuit, 55 acteristicofthe step-up section!. Moreover, the step-up 

FIG. 5 is an equivalent circuit of FIG. 4^ section 1 fiirther comprises an N-channel transistor Ng 

FIG. 61s a circuit diagram showing the conventional as & limiter to liinit a stepped up output potential VouT 

circuit of FIG. 4 togeito with a drcuit assodatcd to a desired potential V/H-a to finally ou^ut the lim- 

therewith, ited potential. It is to be noted that whether or not the 

FIG. 7 is a circuit diagram showing an embodiment 60 transistors Ns and/or Ng are provided, and whether a 

of this invention, clock of the \pp system is used or a clock of the Vdd 

FIG. 8 is a view showing the step up characteristic of system is used are determined to what degree the step- 

the embodiment according to this invention in compari- up value a of a final ou^ut potential Vf>p+a is set In 

son with that of the conventional example, addition, the step-up section 1 fiirther comprises a D 

FIG. 9 is a circuit diagram showing another embodi- 65 type N-channd transistor N9 for delivering a drain po- 

ment according to this invention, and tential Vx)for readout This transistor N9 is turned on at 

FIG. 10 is a circuit diagram showing a fiirther em- the time of non-programming in response to an inverted 

bodiment according to this inventioxL signal of the step-up ugnal applied to its gate. 
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In the configuration stated above, when an input of a The merit of this embodiment is that the initial value 
step-up start signal is provided, the initial potential set- Vot/r (0) of an output potential can be set to a value 
ting transistor Nio is turned on. As a result, the output higher than that in the embodiment shown in FIG. 7. 
potential Voc/ris immediately set to an initial potential Namely, since D type transistor is used as the initial 
Vo</r (0) expressed as follows: S potential setting transistor Ni i, there is no voltage drop 

on the transistor Nu. Accordingly, a power supply 
youriOi'^yfF-yjmnQ (5). potential V/y on the drain side is propagated to the 

output point on the source side, and then appears as the 
where yrUNio is a threshold potential of the transistor initial potential ^ouriO), Thus, sharper rise characterise 
Nio. For ttds reason, as mdicated by thecurved in FIG. lo tic of the output potential Vqut can be provided, as 
8, the output potential Vourcan rise from the potential indicytfd by the curve f, 

Vpi>— Vtkmo- This rising process is substantially the In this case, even when the output potential VouT 
same as that of the conventional dicuit which has been reaches the power supply potential VpA the transistor 
previously described. However, rising is started from Nu is not automatically turned off because it is a D 
the mitial potential V//*— Vj^mv*— Vjh/vb— Vtjhvt as 15 type. In view of this, an approach is employed to limit 
previously explained in the case of the rising character- the pulse width of the rise pulse generation circuit 2 to 
istic of the conventional circuit indicated by the curve a fixed value, thus to forcedly turn the transistor Nn off 
& On the contrary, the circuit of this embodbnent can when the output potential Vourhas reached the power 
start rising from an initial potential which is high by a supply potential Vpp. 

multiple of threshold value Vth corresponding to two 20 In the embodiment shown in FIG. 9, when the poten- 
stages of the transistors as compared to the conven- tial V/^* becomes equal to zero volts at the time of non 
tional circuit. For example, when it is assumed that the step-up operation i.e., in the state where the output 
program voltage Vpp is equal to 12.S volts and the potential Voc/^is equal to the potential VoDt since the 
threshold voltage yrBOf each transistor is nearly equal transistor Nji is not turned off as described above, an 
to IS volts in the same manner as in the case of the 25 inconvenience might occur such that a direct current 
study on the prior art, an initial potential Voc/7(0) ac- flows out from the potential V/)i>side through the tran- 
oorcting to this embodiment is expressed as follows: sistor Nn. 

An embodiment improved to prevent this is shown in 
F<wr(0)=ir5 v-2.5 v-iov. FIG. 10. In this embodiment, a series circuit consisting 

30 of an E type P-channd transistor Nn and an E type 
It is seen from this that a considerably higher initial N-channel transistor Nn is used in place of the transis- 
potential can be provided as compared to Vout{0)=S tor Nu of FIG. 9. It is to be noted that while the transis- 
V of the prior art. tor N13 is of the E type, its threshold voltage is substan- 

Further, since the step-up section 1 must drive a load tially equal to zero volts 0*e., zero volts, or a value close 
of the output from the beginning, as described above in 35 to zero volts). Further, since these two transistors N12 
the prior art, the step-up efficiency is poor, so the rise and N13 are turned on only for a predetermined time 
characteristic is gentle as indicated by the curve e. On period from the beginning of the step-up operation, an 
the contrary, in the case of this embodiment, since the output signal from the rise pulse generation circuit 2 is 
load is driven by the initial potential setting transistor applied to the gate of the N-channel type transistor Nn, 
N 10 for a time period during which the transistor Nio is 40 and such an output signal is also inverted through an 
turned on, the step-up section 1 has no need to drive a inverter 3 and is then applied to the gate of the P-chan* 
load. Accordingly, the step-up effidacy is good and nel transistor N12. 

the rising is sharp or steep. In this embodiment, since the transistors N12 and Nn 

It is seen from the above that diis embodunent can are in an off state even when the potential Vpi^becomes 
step up the output potential Voc/rto a desired potential 45 equal to zero volts at the time of non step-up operation, 
in an extremely short time as compared to that of the no direct current path is formed. On the other hand, 
prior art since voluge drops on those transistors Nn and Nn at 

It is to be noted that since when the output potential the time of step-up operation are substantially equal to 
y OUT is raised to the initial potential ypp-VrHmo in zero volts, an initial potential Vout{0) nearly equal to 
this embodiment, the gate-source voltage of the initial SO the potential Vpp is provided, 
potential setting transistor Nio is lowered to reach the What is claimed is: 

threshold voltage VTHNio, it is automatically turned 1. A charge pump circuit including a step-up section 
off, and, after that, an output potential is delivered by having an output point to which a load is connected, 
the step-up section 1, thus to perform a step-up opera- said step-up section being responsive to a step-up start 
tion. This turn off operation prevents that a current 55 signal to start a step-up operation in which a potential of 
inversely flows from the output point stepped up above said output point is stepped up from a predetermined 
the power supply voltage Vpp to the power source potential lower tiian a potential of a power supply to a 
through the transistor Nio^ so that an excessive load is desired potential higher than said power supply poten- 
applied to the step-up section 1, resulting in a deterio- . tial, 

rated step-up characteristic. 60 said charge pump circuit comprising: 

Turning now to FIG. 9, there is shown another em- an initial potential settmg switch means connected 
bodiment of this invention. This embodiment differs between said power supply and said output point of 

from the embodiment shown in FIG. 7 in that a D type said step-up section, and responsive to the step-up 

N-channel transistor Nu is used as the initial potential stan signal to be turned on at the beginning of the 

setting transistor, thus to apply, to the gate thereof, an 65 step-up operation of said step up section to propa- 
output pulse (Vpp system) from a rise pulse generation gate said power supply potential to said output 

circuit 2 for generating a pulse having a fixed time . pomt of said step-up section, and to be turned off at 
width in response to the rise of the step-up start signal. a suitable time. 
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2. A charge pump dicuit as set forth in claim 1, 
wherein said step-up section includes step-up start 
switch means operative in response to the step-up start 
ngnal and having one end connected to said power 
supply, first diode means having an anode connected to ^ 
the the end of said switch means, a step-up capacitor 
having one end connected to the cathode of said first 
diode means, thus to add a potential applied to' the other 
end thereof to a potential on the cathode of said fir^ 
diode means, and second diode means having an anode 
connected to the cathode of said first diode means and 

a cathode serving as said output point of said step-up 
section. 

3. A charge pomp drcutt as set forth in daim 1, 
wherein said initial potential setting switch means com- 
prises an enhancement type N-channd MOS transistor 
having a source and a drain connected to said power 
vxpfiy and said output point, respectively, said en- 
hancement type N-channd MOS transistor being con- 20 
trolled by the set-up start signal to be turned on at the ' 
beginning of the step-up operation. 

4. A charge pump circuit as set forth in daim 1, 
wherein said initial potenttal setting switch means com- 
prises a depletion type N-channel MOS transistor hav- 25 
ing a source and a drain connected to said power supply 
and said output point, respectively, said depletion type 
N-channel MOS transistor being controlled by the step- 
up start signal to be in an ON state only for a predeter- 
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mined tinu period from the beginning of the step-up 
operation in said step-up section. 

5. A charge pump circuit ixiduding a step-up section 
having an output point to which a load b connected, 
said step-up section being responsive to a step-up start 
signal to step up a potential of said output point from a 
predetermined potential lower than a potential of a 
power supply to a desired potential higher than said 
power supply potential, 
said charge pump circuit comprising: 
initial potential setting switch means connected be- 
tween said power supply and said output point of 
said step-up section, and responsive to the step-up 
start si^ial to be turned on at the beginning of the 
step-up operation of said step up section to propa- 
gate said power supply potential to said output 
point of said step-up section, and to turned off at a 
suitable time; 

wherem said initial potential setting switch means is 
comprised of a series circuit consisting of an en- 
hancement type P-channel MOS transistors and an 
enhancement type N-channel MOS transistor, said 
N-channd MOS transistor having a tlureshold volt- 
age substantially equal to zero volts, a control sig- 
nal being applied to respective gates of said two 
transistors so that they are in an ON state only for 
a predetermined time period from the beginning of 
the step-up operation in said step-up section. 
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ABSTRACT 



A negative charge pump circuit comprises a plurality of 
charge pump stages connecied in series to each other. Each 
stage has a stage input terminal and a stage output terminal. 
A first stage has the stage input terminal connected to a 
reference voltage, a final stage has the stage output terminal 
operatively connecied to an outpui terminal of the charge 
pump at which a negative voltage is developed; intermediate 
stages have the respective stage input terminal connected to 
the stage output terminal of a preceding stage and the 
respective stage output terminal connected to the stage input 
terminal of a following stage. Each stage comprises a first 
NK;hanneI MOSFETwith a first electrode connected to the 
stage input terminal and a second electrode connected to the 
stage output terminal, a second N-channel MOSFET with a 
first electrode connected to the stage output terminal and a 
second electrode connected to a gale electrode of the first 
N-channcl MOSFET, a boost capacitor with one terminal 
connected to the gale electrode of the first N-channel MOS- 
FFTand a second terminal driven by a respective first digital 
signal switching between the reference voltage and a posi- 
tive voltage supply, and a second capacitor with one terminal 
connected to the charge pump stage output terminal and a 
second terminal connected to a respective second digital 
signal switching between the reference voluge and the 
voltage supply. A gate electrode of the second N-channel 
MOSFET is connected, in the first stage, to a third digital 
signal switching between the reference voltage and the 
voltage supply, while in the remaining stage the gate elec- 
trode of the second N-channel MOSFET is connected to the 
stage input terminal. 

31 Claims, 3 Drawing Sheets 
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NMOS NEGATIVE CHARGE PUMP Second. P-channcl MOSFETs are intrinsically slower 

TPPHNnr AT mci n N^hanncl MOSFETs, so that the maximum operating 

tz^nm^AL MtLU frequency of the charge pump is Umited; this has a negauve 
The present invention relates to an NMOS negative "^P^^^ o° output current capability of the charge pump, 

charge pump, particularly for the integration in CMOS ^ ^ir6^ the charge pump structure shown in FIG. 1 has a 

non-volatile memory devices. P^*" reliability; in fact, when the pass transistors Ml are off, 

the voltage applied to their gate oxide is equal to the 

BACKGROUND OF THE INVENTION difference between their gate voltage and the bias voltage of 

In th^ fi^M • t . J - . t N-type wells inside which the transistors are formed; the 

voLtilB ^^7^.^erated circuits, particularly m non- lo gate voltage can go strongly negative (especially in the final 

nn-^^n ZT^ " ''•''^T """'""''^ ^ ^^S^^ ^^^'^^ P^^Pl but the bL voltage of the 

supply (VDD) which supplies the integrated circuit. This is biasing of the N-type wells/P-type subsuate junctions) 

for example the case of EEPROMs and Flash EEPROMs r *u ■ , r.JZ.rs junctions;. 

„ , l^Dt to junction breakdown than their P-channel counter- 

ConveniionaUy, negative voltages are generated on-chip parts; in this case, the reliability of the charge pump is lower 

xL^T^^^^,^ negative charge pumps using P-channel relative to using N-channel MOSFETS 
MOSFETs, of the type shown in FIG. 1. With reference to 

this figure, it is possible to sec thai the negative charge pump 20 SUMMARY OF THE INVENTION 

is composed of several stages S1-S4 (four in this example), ^° view of the state of the art described, it is an object of 

connected in series between ground and an output terminal present invention lo provide a negative charge pump 

0 of the charge pump at which a negative voltage is "^^^^^ ^ °ot affected by the above mentioned problems, 

provided. Each stage S1-S4 comprises a P-channel pass According to the present invention, such object is attained 
transistor Ml, a P-channel pre-chai^ge transistor M2, a 25 by means of negative charge pump circuit comprising a 

charge storage capacitor CL driven by a respective first plurality of charge pump stages connected in series to each 

digital signal B or D periodically switching between ground olhti, each stage having a stage input terminal and a stage 

and the voltage supply VDD, and a boost capacitor CP output terminal, said plurality of stages comprising a first 

dnven by a respective second digital signal A or C substan- stage having the respective stage input terminal connected to 

tiaUy m phase opposition with respect to signal B or D; the a reference voltage, a final stage having the respective stage 

sunphfied timing of signals A, B, C and D is depicted in FIG. ^^^P^^ terminal operatively connected to an output terminal 

of the charge pump at which a negative voltage is developed, 

In operation, a positive charge flow takes place from the ^ plurality of intermediate stages each having the 
storage capacitor CLof a given stage to the storage capacitor respective stage input terminal connected to the stage output 
CL of the adjacent, left-hand stage in FIG. 1, through the t^raiinal of a preceding stage and the respective stage output 
pass Uansistors Ml, so that the output terminal 0 acquires terminal connected to the stage input terminal of a following 
a negative potential. The pre-charge transistor M2 pre- characterized in that each charge pump stage corn- 
charges the boost capacitor CP, which in turn boosts the gate P"^^ * N-channel MOSFET with a fij-st electrode 
voluge of Ml so as to allow a most ejEcient charge transfer connected to the stage input tenninal and a second electrode 
lo take place. 40 connected to the stage output terminal, a second N-channel 

When the negative charge pump is integrated in a CMOS MOSFET wqth a first electrode connected to the stage output 

integrated circuit, the P-channel MOSFETs are convention- » second electrode connected to a gate elec- 

ally formed inside respective N-type wells which are in turn *® N-channel MOSFET, a boost capacitor with 

formed inside a common P-type semiconductor substrate one termmal connected to the gate electrode of the first 

TTiemaindrawbacksofthecircuitdescribedabovewillbe r^TlT^^ ."^^^ ^ second terminal driven by a 

now discussed respective first digital signal switching between the refer- 

voltage gain of each stage decreases; this reflects on a higher ^^'^^ DESCRIPTION OF THE DRAWINGS 
number of stages being necessary for generating a given 60 The features and advantages of the present invention will 

negative voltage. Furthermore, the body effect limits the be made apparent by the following detailed description of 

negative voltage value that can be generated, because when two particular embodiments thereof, illustrated as non- 

the body effect is so high that the threshold voltage of the limiting examples in the annexed drawings wherein- 

^hannel MOSFETs reaches the value of the vohage supply FIG. 1 is a circuit diagram of a negative charge pump 
VDD, even if more stages are added to the charge pump the 65 according to the prior artf 

negative output voltage cannot increase fiirther (in absolute FIG. 2 is a simplified time diagram of drive signals for the 

^' charge pump of FIG. 1; 
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N^hLd' MOSFP^^^^^^^ ""'""^ T "T"^'^ '° sourcc/draiD terminals connected to the control gale of the 

; JorH^! t P^'^P '^1' ^ ^^^8^ o^^P^^ terminal SO; in the 

accordmg to the present invention; ^rsi stage Sr, the control gate'of the pre-charge transltor 

FIG. 4 js a circuit diagram of a first embodiment of a M2' is driven by a digital signal D' (to be described 

negative charge pump according to the present invention, 5 hereinafter), while in all the other stages the control gate of 

which makes use of N-channel MOSFETs with the structure M2' is connected to the stage input terminal SI. In each stage 

shown in FIG. 3; the boost capacitor CP has one plate driven by a respective 

FIG. 5 is a time diagram of drive signals for the charge ^^S^^^' signal A' or C, and the storage capacitor CLbas one 

pump of FIG. 4; plate driven by another respective digital signal B' or D'. The 

HG. 6 is a circuit diagram of a negative charge pump ^'"^'^^ ^ ^' ^ ^^^wn in FIG. 5; all 

according to a second embodiment of the present invention- ^^^^ ^^^^^^ ^^^^^^^ signals periodically switching 

HG. 7 shows in cross-sectional view the structure of a • 'T'" ^7°"^ i?"^ ' Tu'''' ''''^'^^^ "^PP^^ "^^^ ^^'^^ 

junction diode for use in the charge pump of FIG. 6; and chaSgVpTmp ilt^'grafecl 

FIG. 8 shows in cross-seciional view ihe siruciure of a 15 th^ ^h,ro. 1, 

capacitor for use in the charge pump of RG 6 o ^^ ? * ^ 1 comprees a bias voltage generator 

*^ *^ 8 which generates three bias voltages E, F and G; bias 

DETAILED DESCRIPTION OF THE voltage E is used for biasing the bulk terminal BU of 

Il^ENTION transistors Ml* and M2' in the first stage SI'; bias voltage F 

IS used for biasing the bulk terminal BU of transistors Ml' 
FIG. 1 shows the circuit structure of a negative charge ^ and M2' in the second stage S2'; and bias voltage G is used 

pump according to the prior art, using P^ihannel MOSFETs; for biasing the bulk terminal BU of transistors Ml' and M2' 

FIG. 2 shows the simplified time evolution of the drive 'he third stage S3'. The bulk terminal BU of transistors 

signals of the charge pump of FIG. 1. This conventional kind Ml' and M2' in the last stage S4' is instead connected 

of negative charge pump has already been discussed in the directly to the output terminal 0 of the charge pump 
foregoing, and the drawbacks thereof have been described. ^5 jhe decoupling stage SOUT is similar to the other stages 

no. 3 is a cross-sectional view of an N-channel MOS- Sl'-S4', comprising N-channel MOSFETs M7 and M8 and 

FET which is used in the negative charge pump according to ^ boost capacitor O driven by signal A'. The bulk terminal 

the present invenUon. Inside a P type substrate 1 (which BU of MOSFETs M7 and M8 is connected to the output 
forms the common substrate of the integrated circuit 3. terminal O of the charge pump. 

wherein the negative charge pump is integrated), an N type Tlie bias voltage generator 8 comprises a voltage divider 

weU 2 is formed; mside the N type weU 2, an N+ contact formed by four diode-connected N-channel MOSFETs 

region 4 for biasing the N type well 2 and a P type well 3 M3-M6, having the stmcture shown in FIG. 3, connected in 

are formed; ms.de the P type well 3. a P+ contact region 5 series between the output terminal O of the charge pump and 
S theTchlnne^ m'os'^T ""f source/drain regions 6 3, ground. Bias voltages E, F and G are derived fL inter- 

ot Uie N-channel MOSFET are formed; over the P type weU mediate nodes between MOSFETs M3 and M4 M4 and M5 

TZ, "'^""^ ^' '"^^^""^ 6«e 7 is and MS and M6; thus, voltages E, F and G are progressively 

lormed llhe device has five terminals: two source/drain more negative. The bulk terminals BU of MOSFETs 

. terimnaJs S^, a gate terminal GA, a bulk terminal BU and M3-M6 are short-circuited to the respective source termi- 

an N well bias terminal NW. The device is functionaUy nals of the transistors 

°h 1 *° i^^*""?" Ji*OSFET with . a diode DI The N-well terminals NW of MOSFETs Ml' and M2' of 

S,^^n?o, °/ * ""^"'g subcircuit. Thanks to terminals of the MOSFETs M31m6 of the b as voZe 

?MnT 'f "''"S a triple-well generator 8, could be directly conne^ed to ttie wsSve 

m,^^n^!i H ff ! f N-channel MOSFET is formed at a the junctions between the N type wells 2 and the P tvoe 

Tnr ittpTgtndr "'''•^'^ 1^^^^ '''' ?Vp:iT3 

I A ■ ^ ° wherem the MOSFETs are formed are electrically isolated 

in MO. 4 a circuit diagram of a first embodiment of the from the substrate. However, it is preferable that the N-type 
present mvention is shown. The negative charge pump 50 weU terminals NW of the MOSFETs whose P-tvoe well is 

comprises a plurahty of stages (Sl'--S4', totaling four in the biased at negative voltages which arc rather high in absolute 

shown example) connected m series between ground and a value are biased at ground, to reduce electrical stresses To 

cecoupimg stage SOUT, the output thereof being an output this purpose, the N-type well terminals NW of MOSFETs 

tcrmmal O of the chaiige pump at which a negative voltage Ml' and M2' in stages ST to S4', and M7 and M8 in SOUT 

is provided. Each stage has a stage input terminal SI (SOI) 55 and the N-type well terminals NW of MOSFETs M4 and M3 

and a stage output terminal SO (SOO); the stage input in the bias voltage generator 8 are connected to a voltage VB 

terminal of the first stage SI' is connected to ground; the which is switchable between the voltage supply VDD and 

suge output lermmal of the last stage S4' is connected to the ground. In operation, voltage VB will be kept at VDD as 

mpui terminal SOI of the decoupling stage SOUT; the stage long as the output voltage O is low in absolute value and is 

output termmal SOO ofthelatteris connected to the output go ^^en switched to ground when the negative voltage O 

terminal O; in the intermediate stages, the stage input becomes high (in absolute value) 

preadil ^"""^^^'"^ ^'^^^ ^"^P"^ ^"""^"^^ operation of the circuit is the following. 

F^rh!!.l!^Qi' cj. , ^^g"^^ ^' switches from "0" to «1" (i.e., from 

tor^r 1h . n M ! "^T"""' ^^)> P^^^"^"l °"tput term nal SO ^f 

Lavina rh?! . K°"'' -P'^^^^ transistor M2', both 65 stage S4' raises. Since signal B' is still at VDD, the potentia 

Jn^. hi r '^n^^ I* ' <>"»P"' SO of stage S3' is high, so that M2" ^ 

and a boost capacitor CP. The pre^harge transistor M2' has stage S4' is on; CP can thus charge (signal C is stiJl Z 
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ground). When signal B' switches from VDD to ground, M2' 
in stage S4' turns off; when signal C switches to VDD, the 
gate voltage of Ml' in stage S4' is boosted to a high value, 
and the potentials of the stage output terminal SO of stage 
S4' and of the stage output terminal SO of stage S3' arc 5 
equalized by means of charge transfer from capacitor CL in 
stage S4' to capacitor CL in sUge S3'. Then, Ml* in stage S4' 
is turned off by switching of signal C from VDD to ground. 
In this way, a positive charge has been transferred from 
capacitor CL in stage S4' to capacitor CL in stage S3'. In a lo 
similar way, a transfer of positive charge takes place from 
capacitor CL in one stage to capacitor CL in the left-hand 
adjacent stage, and finally to ground, so that the stage output 



voltage. For these reasons, junction diodes can be directly 
connected between the internal nodes of the charge pump 
and ground (at least in the first stages of the pump), instead 
of between one stage and the following (as for example D2 
in S4' and SOUT); thanks to this, the stages of the charge 
pump start from a voltage VT (threshold voltage of a PN 
junction) instead of higher voltages, and the charge pump 
reaches steady-state conditions faster. 

FIG. 8 shows the sirucmre of a PMOS-lypc capacitor used 
for the practical realization of capacitors CP and CL of the 
stages of the charge pump. In the P-iypc substrate 1, an 
N-type well 15 is formed; inside the N-type well 15, an N+ 
contact region 16 is formed for providing a bulk biasing 
termmal BUC, and two P+ regions 17 are also formed; over 
the surface of the N-typc well 15 an insulated gate 18 is 



terminal SO of the stage S4' acquires a negative potential. ^ r - - - 

Stage SOUTdecouples the output terminal O from the stage is f surfa^ of the N-typc well 15 an insulated gate 18 is 

output terminal SO ofstageS4'; the potential ofnodeO will The msulaied gale forms one terminal of the 

be approximately constant not affected by ripples present at "^^^^^ ^^^^^ terminal is formed by regions 17 
the output SO of stage S4'. 

It is to be observed that sipnak A' R" P' .nH u> . By connectmg the terminals BUC and 17 of the capacitors 



ground to VDD before signal B' has switched from VDD to 
ground and signal D' has switched from ground to VDD; this 
is necessary lo prevent a positive charge flow taking place 
from the left-hand to the right-hand stages of the charge 
pump; for similar reasons, signal C must switch to ground 25 
before signal B* has switched to VDD and signal D' has 
switched to ground. 

The arrangement shown in FIG. 4 minimizes the influence 
of body effect on the threshold voltages of the N-channel 
MOSFETs; thanks to the particular biasing scheme of the 
P-type wells 3 of the N-channel MOSFETs, it is assured that 
the P-type well of a given MOSFET is biased at the 
minimum among the source and drain voltages of the 
MOSFET; this is the best biasing condition, because the 
body effect is thus minimized. The number of elements of 
the voltage divider of the bias voltage generator 8 must be " 
equal to the number of stages of the charge pump. 

FIG. 6 is a circuit diagram of a second embodiment of the 
present invention. The differences from the structure shown 
in FIG. 4 are the following: 

In each of the first two sUgcs SI' and ST of the charge 
pump, a respective junction diode Dl is provided having an 
anode connected to the output terminal SO of the respective 
stage and a cathode connected to ground. Id the last two 
stages S3' and S4' and in the decoupling stage SOUT, a 
respective diode D2 is provided having an anode connected 
to the output terminals SO, SCO respectively of the stage, 
and a cathode connected to the input terminals SI, SOI 
respectively of the stage. This structure makes up one 
embodiment of a speed-up circuit. 

The provision of diodes Dl and D2 has the advantage that 
the internal nodes of the charge pump start from an initial 
potential equal to the threshold voltage of a PN junction, 
instead of from a higher voltage. In this way, the charge 
pump can reach the steady-state quicker. 

Preferably, diodes Dl and D2 have the structure shown in 
FIG. 7, comprising an N-type well 10 formed inside the 
P-type substrate 1, wherein an N+ contact region 11 and a 
P-type well 12 are formed. Inside the P-type well 12, a P+ 
region 13 and an N+ region 14 are formed. Region 11 
provides a bias terminal for the N-type well 10; regions 13 
and 14 respectively form the anode AN and cathode KA 
electrodes of the diode. 

Junction diodes are preferred over P-channel MOSFETs 65 
because they are more reUable because junction diodes are 
not subject to oxide damages, and have a higher breakdown 
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also in the accumulation region. This kind of connection of 
the capacitors has two advantages: first, non diodes or 
start-up circuits are necessary for turning the capacitors on; 
second, and related to the first, the pump startup is faster' 
because it is not necessary to wait for turning of the 
capacitors on. 
What is claimed is: 

1. Negative charge pump circuit comprising: 
a plurality of charge pump stages connected in series to 
each other, each stage having a stage input terminal and 
a stage output terminal, said plurality of stages com- 
prising a first stage having the respective stage input 
terminal connected to a reference voltage, a final stage 
having the respective stage output terminal operatively 
connected to an output terminal of the charge pump at 
which a negative voltage is developed, and a plurality 
of iniennediate stages each having the respective stage 
input terminal connected to the stage output terminal of 
a preceding stage and the respective stage output ter- 
minal connected to the stage input terminal of a fol- 
lowing stage, wherein each charge pump stage 
includes: 

a first N-channel MOSFET with a first electrode con- 
nected to the stage input terminal and a second 
electrode connected to the stage output terminal; 

a second N-channel MOSFET with a first electrode 
connected to the stage output terminal and a second 
electrode connected to a gate electrode of the first 
N-channel MOSFET; 

a boost capacitor with one terminal connected to the 
gate electrode of the first N-channel MOSFET and a 
second terminal driven by a respective first digital 
signal switching between the reference voltage and a 
positive voltage supply; 

a second capacitor with one terminal connected to the 
charge pump stage output terminal and a second 
terminal connected to a respective second digital 
signal switching between the reference voltage and 
the voltage supply and substantially in phase oppo- 
sition to the first digital signal; 

a gate electrode of the second N-channel MOSFET 
being connected, in the first stage, to a third digital 
signal switching between the reference voltage and 

. the voltage supply; and 

a gate electrode of the second N-channel MOSFET in 
all the stages other than said first stage being con- 
nected to the stage input terminal. 
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2. The negative charge pump according to claim 1 12. The negative chaige pump according to claim U 
wherein said third digital signal coincides with the second wherein the well contact regions of the first and second 
digital signal of a second stage having the stage input MOSFETs of the first stage are electrically connected to the 
terminal connected to the stage output terminal of said first voltage supply, while the well contact regions of the first and 
stage- 5 second MOSFETs of the remaining stages and of the third 

3. The negative charge pump according to claim 2, further and fourth MOSFETs of the decoupling stage are connected 
comprising: to a swiichable potential which is switchable between the 

a decoupling stage having an input terminal connected to voltage supply and the reference voltage. 

the stage output terminal of said final stage; and 1^- Th^ negative charge pump according to claim 12 

an output terminal connected to the output terminal of the ^° wherein each stage of a second sub-plurality of stages 

charge pump. proximate to the output terminal and the decoupling stage 

4. The negative charge pump according to claim 3 comprise a respective junction diode with an anode con- 
wherein said decoupling stage comprises: nected to the stage output terminal and a cathode connected 

a third N-channel MOSFET with a first and a second ^^^^^ ^"P""^ terminal. 

electrodes respectively connected to the input and negative charge pump accordmg to claim 13 

output terminals of the decoupling stage* wherein the first and second digital signals supplying a given 

a fourth N-chamiel MOSFET with a first and a second Z%rT'TT''fl ' • ^^"^^ ^PP^^^tion respectively to 

electrodes respectively connected to a gate electrode of "'^ '""^^^'"^ ^ ^'"""^ 

the third N-channel MOSFET and to the output lermi- , c tu »■ t. 

nal of the decoupling stage; and '° ,^^* "5^"^'^", ^^"''S^ P""^P ^<:<^'^m to claun 14 

^ . . ^ . -iu . • , , . wherein the first and second digital signals supplvine each 

a third capacitor with one termmal connected to the gate ^,-0^ H^cnv^rU««*.H th.» tu- .Z^ a , ^P'-^ 7^ J.J^ 

piprtroHp of th^ thirA M XirrictrcT j j Qisovcrlapped, SO that the second terminal of the 

r 1 H h MOSFET and asecond second capacitor is driven to the reference voltage after the 

Sfit hetw^en^^ "T' '"'''f'l^ ^^P^^^^^ ^^ven to the 

voUairfu 1 ^^"^ ^ °f 

^ Th. r,/r!!J!^ ^' u _j 1 capacitor is driven back to the supply voltage before the 

;«^o^»,^k«« , u . ^ ™" 30 wherein the first digital signals supp yme two adiacent 

voltafe for fhTcT'' K tT' """^ ' ^'^g«^ dasoverlappcd, so That the Lcond terminal of the 

neiX n on f ^ Z f """'^ ^TTT^^, ""'^ ^^P^'^""' '° ^^=h Stage is driven to the supply voltage 

negative m going from the first stage towards the final stage, after thf%pmnH tPro,in,t^f .h. i I 

<; TK*„*.«,.™^j,^^ J- , adjacent stages has been driven to the reference voltage, and 

.„LT?roTK T ^"^^ "^'^""^ '° ^' 'b-^ °f boost capacitor in each sUge is 

vSel^fJ- f generator generatmg said bias driven back to the reference voltage before the sefond 

SSje Pumn ""'P"' °^ '^^ ^^P^'^'^'^ ^ ''djacent sta^L Ts 

1 Tu^ «■ u '^O driven back to the supply voltage and before the second 

wherer sawC'votTor™''. '° ''T ' °' second «pacitor^n the adjacenVsta^ k 

wherein said bia5 voltage generator comprises a voltage driven back to the supply voltage 

divider connected between the output terminal of the charge n -ru .• u 

pump and the reference vo,.ge t^e voltage JJ,,^^^ "^XZ^Z Z^^,^''^^^ 

:Z^rjl:^f^^.^St:^' ^ '^^ « the s. ly v.^^ . the reference vo^ 7^^ 

J. TTie negative voltage ^ Lcording to claim 7 ^^it^L^^tZ.^o t'ZlTX^J^^^. 

wherem said voltage divider comprises a series connection a o* ^- ■« i • i • T * vuiuigc anu ociore 

of diode-comiected NK:faannel MOSFETs sa"d inteSa^^ . f '^'"^^ f®""^ ""u"^^ '"^^f 

-w,ufliiuci lyiwrnib, saia iniermeaiaie the reference voltage to the supplv voltaee and said second 

MOSFCTs ' " °' diode^connected digital signal in each stage ^chel lorn the reference 

o TT,^ u voltage to the supply voltage after the first digital sienal in 

wherek each r J.dTJ""'' TT^, I *e adjacent stageThas swifched from the supSyv^ o 

Wherein each of said first, second, third and fourth the referenrj* vnltaap am? K.r^r^ it, ^ i^^ f i . 

N-channel MOSFETs comprises: ^! h ? 7 ^ and before the second digital signal m 

, » 11 f J • ^ . adjacent stages switches from the supp y voltage to the 

an N-type weU formed m a P-type substrate; 55 reference voltage. 

a P-type well formed inside the N-type well; and 18. The negative charge pump accordmg to claim 17 

an N-type source/drain regions formed inside the P-typc wherein each one of said boost capacitor, second capacitor 

and third capacitor is formed by an N-type well formed in 

10. The negative charge pump according to claim 9 said P-type substrate and by at least one P-type region 

wherein the first stage and each stage of a first sub-plurality 60 formed in said N-type well, a first terminal of the capacitor 

of stages proximate to the first stage comprise a respective being formed by said P-type region short-circuited to said 

junction diode having an anode connected to the stage N-type well, and a second terminal of the capacitor being 

output terminal and a cathode connected to the reference formed by a conductive gate insulatively disposed over said 

voltage. N-type weU. 

U. The negative charge pump according to claim 10 65 19. A negative charge pump, comprising: 

wherein in each of said N-type wells an N-type well contact a plurality of stage circuits coupled to each other in stages 

region is formed. including at least a first stage and a second stage; ' 
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at least one NMOS transistor formed within an N-lype 
well, coupled between a first voltage and an output 
terminal within each stage; and 

a biasing sub-circuit coupled to the NMOS transistor in 
each stage; 

wherein an input of the second stage circuit is coupled to 
the output terminal of the previous stage, wherein the 
second stage circuit produces a voltage reduction at its 
output from the vohage appearing at its input; and 

a bias voltage generator circuit producing a plurality of 
biasing voltages, one biasing voltage per stage, wherein 
the biasing voltage for each stage is coupled to the 
biasing sub-circuit to increase the voltage reduction 
from the input terminal to the output terminal of that 
stage. 

20. The device according to claim 19, wherein the biasing 
sub-circuit is formed in a P-type substrate and comprises a 
diode having an anode and a cathode, the anode coupled lo 
the body of the NMOS transistor and the bias voltage 
generator circuit, and the cathode coupled to a second 
voltage, wherein the P-N junction between the N-type well 
within which the NMOS transistor is formed and the P-type 
substrate is reverse biased. 

21. The device according to claim 19, wherein the biasing 
voltages are increasingly negative from the first stage to the 
second stage. 

22. The device according to claim 19, further comprising 
a plurahty of speed up circuits coupled respectively to each 
of the plurality of stage circuits wherein the speed up circuit 
causes the output of each stage circuit lo reach steady state 
in a decreased time period than without the speed up circuit 
present. 

23. The device according to claim 22, wherein each 
respective speed up circuit comprises a diode. 

24. The device according to claim 14, wherein the stage 
circuit further comprises a capacitor coupled to the output 
terminal. 
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25. The device according to claim 19, wherein each suge 
includes a capacitor and the capacitor comprises: 

a first capacitor terminal; and an n-type well having a bulk 
biasing terminal coupled to the first capacitor terminal. 

26. A charge pump circuit comprising; 

a plurahty of charge pump stages including a first stage 

and a second stage; 
a decoupling stage between the second stage of the charge 

pump and a final output terminal of the charge pump 

circuit; and 

a bias voltage generator generating a plurality of bias 
voltages from the voltage of the final output terminal of 
the charge pump. 

27. The circuit according to clam 26 wherein each stage 
has an input terminal and an output tern:unal and the output 
terminal of the first stage is coupled to the input terminal of 
the second stage. 

28. The circuit according to claim 27 further including a 
third charge pump circuit having an input terminal coupled 
to the output terminal of the second charge pump stage. 

29. The circuit according to claim 27 in which each stage 
further includes: 

at least one MOS transistor formed with an N-well, 
coupled between a first voltage and an output terminal 
for that panicular stage; 

a biasing sub-circuit coupled lo the N-MOS transistor in 
each stage; and 

a bias voltage generator circuit producing a plurality of 
biasing voltages, one biasing voltage per stage wherein 
the biasing voltage for each stage is respectively 
coupled to the biasing sub-circuit for each stage. 

30. The circuit according to claim 27 further including a 
plurality of speed up circuits within each respective stage. 

31. The device according to claim 30 wherein the speed 
up circuit comprises a diode. 
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llie objective of the invention is to provide a booster circuit 
with reduced power consumption and switching noise. 
Booster circuit 1 of the present invention has gale circuits 
4^-47 an auxiliary control circuit 9. Each of gate circuits 
4^-47 has charging/discharging circuit 11 and auxiliary 
charging/discharging circuit 12 used for charging/ 
dischaiging capacitors S^-S^. Under the control of auxiliary 
control circuit 9, said charging/discharging circuit 11 can 
operate independently or operate together with auxiliary 
charging/discharging circuit 12. When the booster circuit is 
started, charging/discharging circuit 11 and auxiliary 
charging/discharging circuit 12 are operated together to 
increase the drivability of gate circuits 4. As a result, the 
charging time of capacitors Sj-S^ in charge-pump circuits 
2^-27 can be shortened. On the other hand, at steady state, 
charging/discharging circuit 11 operates independently. As a 
result, the drivability of the gate circuits is reduced com- 
pared with that at the time when the booster circuit is started. 
Consequently, the loss in power consumption and noise can 
be reduced. 

2 Claims, 6 Drawing Sheets 
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FIG. 4 
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FIG. 7 
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1 

BOOSTER CIRCUIT 

This application is a divisioo of application No. 09/642, 
2S0 filed Aug. 18, 2000, now U.S. Pat. No. 6,469,569. 

FIELD OF THE INVENTION 

The present invention pertains to a booster circuit. In 
particular, the present invention pertains to a charge-pump- 
type booster circuit used in power supply circuits, etc. 

BACKGROUND OF THE INVENTION 

Reference nunteral 101 in FIG. 10 represents an example 
of a conventional booster circuit. 

Said booster circuit 101 has multiple charge -pump cir- 
cuits and is formed by connecting the chaige-pump circuits 
in series. In this case, the booster circuit has 7 charge -pump 
circuits 102^-1027- 

Hie input terminal of charge-pump circuit 102i of the firet 
stage is connected to power supply voltage Vcc, and its 
output terminal is connected to charge-pump circuit 1022 
the second stage. 

The input terminals of the charge-pump circuits of the 
stages subsequent to the first stage are connected to the 
output terminals of the charge-pump circuits of the previous 
stages up to the last stage, that is, the input terminals of the 
charge-pump circuits 1022-102g of the second through sixth 
stages are connected to the output terminals of the charge- 
pump circuits of the respectively previous stage. 

The input terminal of charge-pump circuit IO27 of the last 
stage is connected to the output terminal of charge-pump 
circuit 102^ of the previous stage, and its output terminal is 
connected to output terminal 110 via a diode 180 for 
preventing reverse current. The boosted voltage can be 
output from said output terminal 110 to the load circuit (not 
shown in the figure). Also, an output capacitor 190 is 
connected between output terminal 110 and ground. 

The internal configuration of each charge-pump circuit 
102 is the same. Each charge-pump circuit is comprised of 
diode 103, gate circuit 104, and capacitor 105. 

The anode terminal of each diode 103 is used as the iiiput 
terminal of each chaige-pump circuit 102. The anode ter- 
minal of diode 103j of chaige-pump circuit 102^ of the first 
stage is connected to power supply voltage Vcc. 'ITie anode 
terminals of diodes 1032-1037 of charge-pump circuits 
IO22-IO27 from the second stage on are connected to the 
cathode terminals of diodes 103}-I035 of charge-pump 
circuits 102i-1026 of the previous stage. The cathode ter- 
minal in charge-pump circuit 102, of the last stage is 
connected to output terminal 110 via diode 180 for prevent- 
ing the flow of reverse current. 

One terminal of each capacitor 105 is connected to the 
cathode terminal of one of diodes 103^-1037, and the other 
terminal of capacitor 105 is connected to the output terminal 
of gate circuit 104 to be described below. 

Gate circuit 104 is an inverter circuit. The input terminal 
of the gate circuit is used as the control terminal of the 
charge-pump circuit where the control signal is input. When 
a high-level control signal is input, the terminal of capacitor 
105 on the low-potential side is connected to ground GND. 
When a low-level control signal is input, the terminal of 
capacitor 105 on the low-potential side is connected to 
power supply voltage Vcc. 

When a high-level control signal is input to gate circuit 
104j of the first stage, gale circuit 104^ of the first stage 
connects the terminal of capacitor 105^ on the low-potential 
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side of charge-pump circuit 102^ of the first stage to ground 
GND. At that time, since the power supply voltage Vcc is 
applied to the anode terminal of diode 103, of charge-pump 
circuit 102^ of the first stage, diode 103, is forward-biased, 
5 and capacitor 105, is charged to the power supply voltage 
Vcc. 

Next, when a low-level control signal is input to gate 
circuit 104 J of charge-pump circuit 102^ in the first stage, 
the terminal of capacitor 105, on the low-potential side is 

jQ connected to power supply voltage Vcc, and the voltage at 
the terminal of capacitor 105 on the high-potential side is 
boosted by as much as the power supply voltage Vcc from 
the chaiged voltage (Vcc) on capacitor 105} to becomes 
2Vcc. Since the potential at the anode terminal of diode 103^ 
in charge-pump circuit 102} of the first stage is the power 
supply voltage Vcc. which is less than the potential at the 
cathode terminal, diode 103^ is reverse-biased. 

In that state, gate circuit 1042 charge-pump circuit 1022 
of the second stage connects the terminal of capacitor 1052 
on the low-potential side to ground GND. Since 2Vcc is 
applied to the anode terminal of diode 1032 of charge-pump 
circuit 1022 of second stage, diode 1032 is forward- 
biased, and capacitor 1052 of charge-pump circuit 1022 of 
the second stage is charged by the boosted voltage 2Vcc. 

^ Next, when gale circuit 1042 of charge-pump circuit 1022 
of the second stage connects the terminal of capacitor 1052 
on the low-potential side to power supply voltage Vcc, the 
voltage at the terminal of capacitor 1052 on the high- 
potential side is boosted by as much as the power supply 
voltage Vcc from the charged voltage (2Vcc) on capacitor 
lOSj to become 3 Vcc. Since the output voltage 2 Vcc of 
charge-pump circuit 102^ of the first stage is applied to the 
anode terminal of diode 1032 of the second stage, diode 1032 
of the second stage is reverse-biased by the boosted voltage 

At that time, when a high level control signal is input to 
gate circuit IO43 of charge-pump circuit IO23 of the third 
stage, gate circuit IO43 of charge-pump circuit IO23 of the 
third stage connects the terminal of capacitor IO53 on the 

^ low-potential side of the third stage to ground GND, and 
said capacitor IO53 is charged by the boosted voltage 3 Vcc 
on charge-pump circuit 1022 of the second stage. 

In said booster circuit 101, the voltage input to each of 
charge-pump circuits 102^-102^ is boosted by as much as 

45 the power supply voltage Vcc as described above. As a 
result, a voltage equal to (niunber of charge-pump circuit 
stagesfl)xVcc, that is, 8 Vcc is output from charge-pump 
circuit 1027 of the last stage to a load circuit (not shown in 
the figure) via diode 180 which is used to prevent the flow 

5Q of reverse current, at output terminal 110. 

In the steady state, each capacitor 105 of said charge- 
pump circuit 102 is initially charged to a voltage corre- 
sponding to the number of stages of charge-pump circuits 
102. On the other hand, since the voltage across the two 

55 terminals of each capacitor 105 is 0 V before the booster 
circuit is sUrted, the amount of the electric charge on each 
capacitor 105 at steady state is greater than that when the 
booster circuit is started. 

Conventionally, the time needed for each capacitor to be 

60 charged to a prescribed level when the booster circuit is 
started can be shortened by increasing the drivability of gate 
circuit 105 in advance. In this case, since each gate circuit 
105 has a drivabihty higher than the essential level in the 
steady state, power consumption and noise also become 

65 higher than the essential level in the steady state. 

In said booster circuit 101, when a high-level control 
signal is input to gate circuit 104^ of charge-pump circuit 
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1Q2„ of a given stage to boost the voltage by as much as the 
power supply voltage Vcc, low level signals must be input 
to gate circuits 104^, and 104„^, of the charge-pump 
circuits of the previous and subsequent stages, llierefore, it 
is preferred to input control signals of opposite phase to the s 
gate circuits of neighboring stages. 

Consequently, said conventional booster circuit 101 has a 
signal-generating circuit 108 used for generating control 
signals. The same first control signal is input to gate circuits 
104j, 1043, 1045, and 104^ of the charge-pump circuits of 
the odd-numbered stages, while a second control signal of 
different phase than Ibe first control signal is input to gate 
circuits 1042, 1^4> ^^^6 charge-pump circuits of 
the even-numbered charge-pump circuits. In this case, the 
first and second control signals have opposite phase. 

In this case, since the same first control signal is input to 
gate circuits 104^, IO43, 104s, ^ ^^e charge-pump 

circuits of the odd-numbered stages, when the logic level of 
the first control signal is switched, the logic level of the 
output signals of gale circuits 104j, IO43, IO45, and 104, are ^ 
switched at the same lime. 

On the other hand, since the same second control signal 
is input to gate circuits 1042, 1^4> ^hc charge- 

pump drcuits of the even-numbered stages, when the logic 
level of the second control signal is switched, the logic ^ 
levels of the output signals of said gale circuits 1042, ^^47 
and 104^ arc switched at the same lime. 

When the logic level of the output signal of each gate 
circuit 104 is switched, charging/dischaiging of capacitor 
105 is switched, and current flows to each gate circuit 104. 
FIG. 11 shows the relationship between the output signal of 
the gate circuits and the sum I ca of the currents flowing to 
all of gate circuits 104j-1047. 

When the logic level of the output signal is switched, the 35 
current flowing to each gate circuit 104 is very small. In the 
conventional booster circuit, however, since the logic levels 
of the output signals of gate circuits 104^, IO43, IO45, and 
104, of the odd-numbered stages as well as gate circuits 
1042, 1044, and 104^ of the even-numbered stages are 4Q 
switched at the same time and capacitors connected to the 
various gate circuits are charged/discharged at the same 
time, the currents are concentrated to result in a large current 
when the logic level is switched. As a result, the switching 
noise level becomes high. 45 

The purpose of the present invention is to solve the 
aforementioned problem of the conventional technology by 
providing a booster circuit which can reduce the power 
consumption and the switching noise level. 

SQ 

SUMMARY OF THE INVENTION 

In order to realize the aforementioned purpose, claim 1 of 
the present invention provides a booster circuit characterized 
by the following facts: the booster circuit has N rectifying 
elements which are electrically connected in series between 55 
a voltage input terminal and a voltage output terminal with 
the terminal on the anode side taken as the aforementioned 
voltage input terminal side; N capacitors, each of which has 
one of the terminals electrically connected to the terminal on 
the cathode side of one of the aforementioned rectifying 60 
elements; N drive circuits, each of which has its output 
terminal electrically connected to the other terminal of the 
aforementioned capacitor and is able to drive the other 
terminal of the aforementioned capacitor to a first voUage or 
a second voltage as a function of a control signal; a signal 65 
supply circuit which supplies a first control signal to the 
aforementioned drive circuits of the odd-numbered stages 
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and supplies a second control signal whose phase is opposite 
to that of the first control signal to the drive circuits of the 
even-numbered stages; and an output circuit which monitors 
the output voltage at the aforementioned voltage output 
terminal and outputs a disable signal to each of the afore- 
mentioned drive circuits when the aforementioned output 
voltage is above a prescribed level; wherein each of the 
aforementioned drive circuits has first and second drive units 
which can drive the other terminal of the aforementioned 
capacitor to the first or second voltage; and wherein the 
aforementioned second drive unit is able to suspend driving 
of the other terminal of the aforementioned capacitor as a 
function of the aforementioned disable signal. 

According to claim 2 of the present invention, the booster 
circuit described in claim 1 has a diode for preventing 
reverse current that is electrically connected between the 
terminal on the cathode side of the rectifying element of the 
Nth stage and the aforementioned voltage output terminal, 
and an output capacitor which is connected between the 
aforementioned voltage output terminal and reference 
potential where the aforementioned rectifying elements are 
diodes. 

Claim 3 of the present invention provides a booster circuit 
characterized by the following facts: the booster circuit has 
N rectifying elements that are. electrically connected in 
series between a voltage input terminal and a voltage output 
terminal with the terminal on the anode side taken as the 
aforementioned voltage input terminal side; N capacitors, 
each of which has one of the terminals electrically connected 
to the terminal on the cathode side of one of the aforemen- 
tioned rectifying elements; and a signal supply circuit which 
supplies a first control signal to the aforementioned capaci- 
tors of the odd-numbered stages and supplies a second 
control signal whose phase ls opposite to that of the first 
control signal to the capacitors of the even-numbered stages; 
a first time delay is applied sequentially to the first control 
signal supplied to the other terminal of each capacitor of the 
odd-numbered stages, and a second time delay is appUed 
sequentially to the second control signal supplied to the 
other terminal of each capacitor of the even-numbered 
stages. 

According to claim 4 of the present invention, the booster 
circuit described in claim 3 has a diode for preventing 
reverse current, which is electrically connected between the 
terminal on the cathode side of the rectifying element of the 
Nth stage and the aforementioned vohage output terminal, 
and an output capacitor which is connected between the 
aforementioned voltage output terminal and reference 
potential where the aforementioned rectifying elements are 
diodes, and the aforementioned signal supply circuit is 
composed of a ring oscillator. 

The booster circuit of the present invention has a first 
drive unit (charging/dischaiging circuit) and a second drive 
unit (auxiliary charging/discharging circuit). The charging/ 
discharging circuit can operate independently or together 
with the auxiliary charging/discharging circuit. 

When the booster circuit is started, both the charging/ 
discharging circuit and the auxiliary charging/discharging 
circuit are operated together to increase the drivability of the 
drive circuits (gate drcuits) to shorten the capacitor charging 
time. On the other hand, when the charging/discharging 
circuit is operated independently in the steady state, which 
does not require a high drivability, the drivability becomes 
lower than that at the time when the booster circuit is started. 
Consequently, the power consumption and noise can be 
reduced compared with the conventional booster circuit 
which uses gate circuits with high drivability. 
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The output volugc (boosted voltage) is at a high level in 
the steady state but at a low level when the booster circuit 
is started. Therefore, it is possible to detect whether the 
booster circuit is in steady state or has just been started by 
detecting the output of the booster circuit. s 

Consequently, when the booster circuit is started with the 
output of the booster circuit at a low level, the charging/ 
discbaiging circuit is operated together with the auxiliary 
charging/discharging circuit. When the booster circuit is 
steady state with the output at a high level, the charging/ lo 
dischaiging circuit is operated independently. In this way, 
the drivability can be increased only when the booster circuit 
is started. 

Id another booster circuit of the present invention, the first 
and second control signals generated in the signal supply 
circuit (timing control circuit) are applied to the charge- 
pump circuits comprised of rectifying elements and capaci- 
tors in each stage after the control signals arc delayed by 
different periods of time for each charge-pump circuit, 
respectively. Since each charge -pump circuit is synchro- 20 
nized with the input control signal to perform switching 
between charging and discharging of a capacitor, the 
charging/discharging states of the capacitors arranged in the 
various charge-pump circuits are switched at completely 
different times, and it is possible to avoid the situation thai 
the charging/discharging slates of two or more capacilore are 
switched at the same time. 

In another booster circuit of the present invention, the 
timing control circuit is made of a ring oscillator comprised 
of multiple inverters. The output signals of the inverters arc ^ 
input to the charge-pump circuits. 

In particular, when the number of inverter stages is equal 
to the number of charge-pump stages and the output signal 
of each inverter is input to a charge-piunp circuit, in a ring 
oscillator comprised of N inverters and having a period of T, 
the signal input to each inverter is delayed by (Y/(2xH)), 
Consequently, the output signals of the inverters are always 
switched one at a time. 

Since each charge-pump circuit switches the cbaiging/ ^ 
discharging state of the capacitor of each chaige-pump 
circuit as a result of switching of the output signal of the 
inverter, the charging/discharging states of the capacitors 
can always be switched one at a time. 

BRIEF DESCRIPTION OF THE DRAWINGS 45 
FIG. 1 is a circuit diagram illustrating the booster circuit 

disclosed in an embodiment of the present invention. 
FIG. 2 is a circuit diagram illustrating the relationship 

between the gate circuits and the auxiliary control circuit of 

the booster circuit disclosed in an embodiment of the present 

invention. 

FIG. 3 is a diagram illustrating the waveform of the output 
voltage of each charge-pump circuit when the booster circuit 
of the present invention is started. 

FIG. 4 is a diagram illustrating the steady-stale output 
voltage waveform of each charge -pump circuit of the 
booster circuit disclosed in the present invention. 

FIG. 5(fl) is a diagram illustrating the waveform of ihe 
current flowing in a gate circuit with a high drivability. 

FIG. 5(b) is a diagram illustrating the waveform of ihe 
curreni flowing in a gale circuit with a low drivability. 

FIG. 6 is a circuit diagram illustrating the booster circuit 
disclosed in another embodiment of the present invention. 

FIG. 7 is a waveform diagram explaining the operation of 65 
the ring oscillator in the booster circuit disclosed in another 
embodiment of the present invention. 
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FIG. 8 is a diagram explaining a variant of the booster 
circuit disclosed in another embodiment of the present 
invention. 

FIG. 9 is a circuit diagram illustrating the booster circuit 
disclosed in yet another embodiment of the present inven- 
tion. 

FIG. 10 is a circuit diagram illustrating an example of the 
conventional booster circuit. 

FIG. 11 is a waveform diagram explaining the operation 
of the conventional booster circuit. 

REFERENCE NUMBERS AND SYMBOLS AS 
SEEN IN THE DRAWINGS 

1, 31, 41, 51, Booster circuits, 2^-7, 3i-31 7 charge-pump 
circuits, 3^-37, 33^-33, diodes, 4j-47, 34^-347 gate circuits, 
5^-57, 35^-357 capacitors, 38, 48 ring oscillator auxiliary, 
control circuit 58 timiiig control circuit. 

DESCRIPTION OF EMBODIMENTS 

In the following, an embodiment of the present invention 
will be explained >vith reference to figures. Reference 
numeral 1 in FIG. 1 represents the booster circuit in an 
embodiment of the present invention. 

Said booster circuit 1 has seven charge-pump circuits 
2^-27, a signal-generating circuit 8, an auxiliary control 
circuit 9, a diode 80 for preventing reverse current, an output 
capacitor 90 and an output terminal 10. 

Said charge-pump circuits 2^-27 are connected to each 
other in series. The input terminal of charge-pump circuit 2^ 
of the first stage is connected to the power supply voltage 
Vcc, and the output terminal is connected to the input 
terminal of charge-pump circuit of the second stage. 

The input terminals of the charge-pump circuits of the 
stages subsequent to the first stage are connected to the 
output terminals of the charge-pump circuit in the previous 
stages up to the last stage, that is, the input terminals of the 
second through sixth charge-pump circuits 22-2^ are con- 
nected to the output terminals of the charge-pump circuits 
2i-25 of the respectively previous stage. The output termi- 
nals are connected lo the input terminals of the chaige-pump 
circuits 23-27 of the respectively following stage. 

The input terminal of chaige-pump circuit 27 of the last 
stage is connected to the output terminal of charge-pump 
circuit 2^ of the previous stage, and the output terminal is 
connected to output terminal 10 of booster circuit 1 via diode 
80 used for preventing reverse current. Also, output terminal 
10 is connected to a load circuit (not shown in the figure). 

The input terminal of auxiliary control circuit 9 is con- 
nected to output terminal 10 to detect the magnitude of the 
output vohage and output an auxiliary control signal. Each 
charge-pump circuit 2 has a gate circuit 4. Ttic aforemen- 
tioned auxiliary control signal is output to each gate circuit 
4. 

In addition to said gate circuit 4 each charge-pump circuit 
2 has a diode 3 and a capacitor 5. 

The anode terminal of diode 3 is used as the input terminal 
of each charge-pump circuit 2. The anode terminal of diode 
3i of charge-pump circuit 2^ of the first stage is conneaed 
lo power supply voltage Vcc. The anode terminals of diodes 
32-37 of charge-pump circuits 22-27 from the second stage 
on are connected lo the cathode terminals of diodes 3j-3g of 
charge-pump circuits 2^-2^ of the respectively previous 
stages. The cathode terminal of diode 37 of charge-pump 
circuit 27 of the last sUge is connected to output terminal 10 
via diode 80 used for preventing the flow of reverse current. 
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One terminal of each of capacitors 5^-57 is connected to Chaiging/dischargiag circuit 11 has push-pull connected 

the cathode terminal of one of diodes S^-B?, while the other pnp and npo output transistors 21 and 22 as well as npn drive 

terminal is connected to the output terminal of one of gate transistor 26. 

circuits 4i-47. jljg emitter terminal of drive transistor 26 is grounded, 
When a high-level control signal is input from signal- 5 and the collector terminal is connected to the power supply 

generating circuii 8 to gale circuit 4, of Uie first stage, the ^ase terminal of pnp output transistor 21 via 

output voltage of gate circuit 4^ of the first stage goes to ^ resistor 

ground potential GND, and the terminal of capacitor 5^ on t- „ 

the low-poieniial side of chaige-pump circuit 2, of the first collector tcrmmal of pnp output transistor 21 is 

suge is connected to ground potential GND. At that time, connected to the collector terminal of npn output transistor 

diode 3j is forward -biased by the power supply voltage Vcc 22, and the emitter terminal is connected to the power supply 

applied to the anode terminal of diode 3, of the first stage, voltage Vcc. The emitter terminal of npn output transistor 22 

and capacitor 5, of the first stage is charged by the power is grounded. 

supply voltage Vcc. In charging/discharging circuit 11, when a control signal 

Next, when a low level control signal is input Crom is input to input terminal 15 of the gate circuit, the control 

signal-generating circuit 8 to gate circuit 4^ in the first stage, signal is input to the base terminal of npn output transistor 

the terminal of capacitor 5, on the low-potential side is 22 and also input to the base terminal of drive transistor 26 

connected to the power supply voltage Vcc, and the potential after being inverted by an inverter. The two collector ler- 

at the terminal of capacitor 5, on the high-potential side is minals of output transistors 21 and 22 are both connected to 

boosted by as much as the power supply voltage Vcc from output terminal 16 of the gate circuit, 

the charged voltage on capacitor 5, Diode 3, of charge- ^ j^^.j^^^j ^^^^j j ^ ^ ^ ^^^^^^ 

pump circuit 2, of the first stage is reverse-biased by the ^5 ^^^^ ^ ^^^^^ ^^^^^^ ^6 conducts since an 

^ L . . .. inverted high level signal is input at its base terminal. As a 

When a high level control signal is input to gate circmt 4^ result, the base potential of pnp output transistor 21 drops to 

of charge-pump cu^cuil 22 of the second stage in that slate, r^adi a conductive state. At that lime, since npn output 

the terminal of capacitor 5^ on the low-potential side in transistor 22 is oflf since a low-level signal is input at its base 

charge-pump circuit 2, of the second stage is connected to terminal, output terminal 16 of the gate circuit is connected 

ground GND. Diode 3, of charge-pump circuit 2^ of the the power supply voltage Vcc via pnp transistor 21, and 

second stage is forward-biased by the output voltage of terminal of capacitor 5 on the low voltage side is 

charge-pump circuit 2, of the first stage. When capacitor 5^ connected to the power supply voltage Vcc. 

of charge -pump circuit 2^ of the second stage is charged, „ . . . , . .... 

. • .r r c f*u c . . « •. On the other hand, when a high level control signal is 

charge is sent from capacitor 5, of the first stage to capacitor . 1 , . ^ . , . . 

5 of the second stage inpul to input terminal 15, the aforementioned operation is 

, , t , , . , . . reversed. Since pnp transistor 21 and npn transistor 22 

Next^ when a low-level control signal is mput to gate ^^^^^ nonconducting and conducting, respectively, output 

circuit 4, of charge-pump circuit 2, of the second stage the 3^ ^^^^-^ connect*^ to the ground 

termmal of capacitor 5, on the low-potential side of the potential via npn transistor 22, and the temiinal of capacitor 

second stage IS connected to the power supply voltage Vcc. 5 low-voltage side is grounded. 

The potential at the termmal of capacitor 5, on the high- ^ . 

potential side of the second stage is boosted by as much as , ^^'^ ^^xdi^ry charging/dischargmg circuit 12 has npn 

the power supply voltage Vcc from the charged voltage of ^ ^"^^ ^J^f"^' ^ ^ ^ P°P i^P° °^»P^^ transistors 
capacitor 5^ of the second stage, and diode 3^ is reverse- ^ ^ ^ J?^^ transistors respectively correspond to dnve 

biased by the boosted voltage. transistor 26 and output transistors 21 and 22 of said 

At that time, when a high level control signal is input to chargin^discharging circuii 11. Since the internal configu- 

o,v«..v A ^k««,» ^,^.:t «f Tu- *%.i^A l*^^ ration of auxiliary charging/discharging arcuit 12 is iden- 

gate cu-cuit 43 or charge-pump circuit 23 of the third stag^, » . *u ♦ * u • /j- u • n j * 1 j 

A .« •> «P *u'^A ^*ZL1 tical 'hat of charging/discharging cu^cuit 11, its detailed 

gate circuit 43 in cnarge-pump circuit 23 or the third stage , .. -..j 
. .L . • 1 r r u . *5 explanation has been omitted, 

connects the termmal of capacitor of charge-pump arcuit vyv>.»«u«»iv/u 

23 of the third stage to ground GND. Capacitor 53 of the ^^^^ auxiliary charging/discharging drcuil 12 is con- 
third stage is charged by the output voltage of charge-pump oected in parallel with charging/discharging circuit 11 
circuit 2^ of the second stage, and charge is sent from between input and output terminals 15, 16 of gate circuit 4 
capacitor S2 of the second stage to capacitor in the third 50 ^° ^^^^^ together with charging/discharging circuit 
stage. 11. Said auxiliary charging/discharging circuit 12 is operated 
When capacitors 5,-5^ are respectively charged by under the control of auxQiary control circuit 9 and is able to 
charge-pump circuits 2,-2,, charge is sent sequentially to ^P^""^^^ ^^Selher with chargmg/discharging circuit 11. 
capacitor 5, of charge- pump circuit 27 of the last stage, and Said auxiliary control circuit 9 has Zener diode 61, 
the voltage input to each of charge-pump circuits 2^-2^ can 55 inverter 62, npn detecting transistor 27, npn control Iransis- 
be boosted. From the high-voltage side terminal of capacitor tors 28 and 29. 

5^ of charge-pump circuii 2, of the last stage, the boosted The cathode terminal of Zener diode 61 is connected to 

voltage can be supplied from the output terminal to a load output terminal 10 of the booster circuit via an auxiliary 

circuit via diode 80 for preventing the flow of reverse control terminal 17, and its anode terminal is connected to 
current. ^ the base terminal of detecting transistor 27. The diode 

As shown in FIG. 2, each of said gate circuits 4 has input conducts when the potential at output terminal 10 of the 

terminal 15, output terminal 16, charging/discharging circuit booster circuit goes high. As a result, the potential at the base 

11, auxiliary charging/discharging circuit 12. terminal of detecting transistor 27 goes high. Also, the base 

Input terminal 15 is connected to the output terminal of terminal of detecting transistor 27 is connected to ground via 
said signal-generating circuii 8, while output terminal 16 is 65 a resistor. 

connected to the terminal of capacitor 5 on the low voltage The emitter terminal of detecting transistor 27 is con- 
side, nected to ground potential. Its collector terminal is con- 
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ncctcd to ihc power supply voltage Vcc via a resistor and is voltage to charge-pump circuit 2^ of the third stage. Each of 

also coanected to the input tennioal of inverter 62. The charge-pump circuits 2^-2y boosts the input voltage by Vcc. 

transistor conducts when the potential at the base terminal Consequently, a voltage equal to the (number of chaige- 

goes high. The input terminal of the inverter is connected to pump circuit stages-i-l)x Vcc» that is, 8Vcc is output from 

ground potential. The potential at the input terminal of 5 charge-pump circuit 2j of the last stage. The output voltage 

inverter 62 is kept at the low level. is output to a load circuit (nol shown in the figure) via diode 

The output terminal of inverter 62 is connected to the base 80 which prevents the flow of reverse current, and output 

terminals of control transistors 28 and 29 via a resistor. terminal 10. 

When the potential at the input terminal is at the low level. At steady state, since the voltage at output terminal 10 of 

a high-level signal is output to the base terminals of control lo the booster circuit is at the high level, Zener diode 61 of 

transistors 28 and 29. auxiliary control circuit 9 conducts. Detection transistor 27 

The collector leraiinals of control transistors 28 and 29 also conducts. As a result, the input terminal of inverter 62 

arc connected to the base terminals of npn transistor 24 of is connected to ground via detection transistor 27. 

auxiliary charging/discharging circuit 12 and drive transistor Consequently, the output voltage of inverter 62 reaches the 

25, respectively. The emitter terminals are connected to high level, and both control transistors 28 and 29 conduct, 

ground potential. The transistors conduct when the potential Since the base terminals of drive transistor 25 and output 

at the base terminal is at the high level. transistor 24 of auxiliary charging/discharging circuit 12 are 

When control transistors 28 and 29 conduct, the base connected to ground via control transistors 29 and 28, 

terminals of drive transistor 25 and npn output transistor 24 respectively, drive transistor 25 and output transistor 24 are 

of auxiliary charging/discharging circuit 12 are connected to ^ off, and the operation of auxiliary charging/discharging 

ground potential via control transistors 28 and 29, respec- circuit 12 is disabled. When the operation of auxiliary 

tivcly. As a result, the operations of driving transistor 25 and charging/discharging circuit 12 is disabled, charging/ 

npn output transistor 24 of auxiliary charging/discharging discharging circuit 11 operates independently in the steady 

circuit 12 arc stopped, and the operation of auxiliary state. When the charging/discharging circuit operates 

charging/discharging circuit 12 is disabled. ^ independently, the drivabiliiy of gate circuit 4 is less than 

nC. 3 shows the waveform of the output voltage of each ^^^^ w^^" ^^e charging/discharging circuit operates together 

charge-pump circuit 2 when booster circuit 1 is started. In auxiUary charging/discharging circuit. 

FIG. 3, CI, C2, and C3 respectively represent the output Next, when current flows to the load circuit, the charge on 

voltage waveforms of charge-pump circuits 2 J, 22, and 23 of capacitor 5, of the last stage is reduced, and the charge 

the corresponding first, second, and third stages. deficit can be restored by transferring charge from the 

When booster circuit lis started, a low voltage appears at previous stage to the next stage. In this case, however, 

output terminal 10 of booster circuit 1. Therefore, Zener charging/discharging circuit 11 also operates independently, 

diode 61 of auxiliary control circuit 9 is non-conducting, as the drivability of each gate circuit 4 is kept low. 

is detection transistor 27. As a result, the input voltage of 35 As explained above, when booster circuit 1 is started, 

inverter 62 is on the high level. Consequently, the output charging/discharging circuit 11 operates together with aux- 

voltage of inverter 62 is low and low voltage is applied to the iliary charging/discharging circuit 12 to increase the driv- 

base terminals of control transistors 28 and 29. As a result, ability of gate circuit 4. At steady state, charging/discharging 

both control transistors 28 and 29 are nonconducting. circuit 11 operates independently. As a result, the drivabflity 

Since the base terminals of drive transistor 25 and npn 40 S^^^ circuit 4 is reduced, 

output transistor 24 in auxiliary charging/discharging circuit FIGS. 5(a) and S(b) show the waveforms of the currents 

12 are not connected to the ground potential via control flowing from the side of power supply voltage Vcc to each 

transistors 28 and 29, drive transistor 25 and output transis- gate circuit for the case when gate circuits with high 

tor 24 operate corresponding to the potential at input termi- drivability are used and for the case when gate circuits with 

nal 15 of the gate circuit, and auxiliary chaiging/discharging 45 low drivability are used, respectively. As shown in FIGS, 

circuit 12 operates together with charging/dischaiging cir- S(a) and 5(6), when gate circuits with high drivability are 

cuit 11. When charging/discharging circuit 11 operates used, the inrush current that flows at the time of switching 

together with auxiliary charging/discharging circuit 12, the is high. When gate circuits with low drivability are used, the 

drivability of gate circuit 4 is increased. current that flows at the time of switching is low. 

When each capacitor 5 is charged/dischaiged by a gate 50 IQ the conventional booster circuit which uses gate cir- 

circuit 4 with a high drivability and charge is transferred cuits with constantly high drivability, since a large inrush 

sequentially from charge-pump circuit 2^ of the first stage to current as shown in FIG. 5(a) flows at steady state, the loss 

charge-pump circuit 2j of the last stage, the voltage at output in the power consumption, and the noise level are high. In 

terminal 10 of booster circuit 1 is able to rise and soon reach the present embodiment, however, since high drivability is 

the steady state. FIG. 4 shows the output voltage of each 55 required when the booster circuit is started, the drivability of 

charge-pump circuit at steady state. In FIG. 4, CLK rcprc- each gate circuit 4 is increased by operating charging/ 

scnts the waveform of the control signal input to charge- discharging circuit 11 together with auxiliary charging/ 

pump circuit 22 of the second stage. CI, C2, and C3 discharging circuit 12. On the other hand, at steady state 

respectively represent the waveforms of the output voltages when high drivability is unnecessary, charging/discharging 

of charge-pump circuits 2^, 2^, and 2^ of the corresponding 60 circuit 11 is operated independently to reduce the drivability 

first, second, and third stages. of gate circuit 4. As a result, the current is reduced as shown 

At steady state, charge-pump circuit 21 of the first stage in FIG. 5(6). Consequently, compared with the conventional 

boosts the input power supply voltage Vcc by Vcc and case, the loss in power consumption and noise can be 

outputs the boosted voltage 2 Vcc to charge-pump circuit 22 reduced at steady state. 

of the second stage. Charge-pump circuit 22 of the second 65 Another embodiment of the present invention will be 

stage boosts the boosted voltage 2Voc from charge-pump explained below In FIG. 6, 31 represents the booster circuit 

circuit 2^ of the first stage by Vcc and outputs this boosted disclosed in another embodiment of the present invention. 
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Like booster circuit 1 shown in FIG. I, said booster circuit the output signal of gate circuits 342-347 of the next stage 

31 is constituted by connecting multiple charge-pump cir- will be switched after a period of t»T/14 since the point in 

cuits in series. In this case, seven charge-pump circuits time that the logic level of the output signal of said one of 

32i-327 are interconnected to each other in series. gate circuits 34,-347 is switched. 

Like charge-pump circuits 2j-2y shown in FIG. 1, said 5 iq said gale circuits 34i-347, since the logic level of each 

chaige-pump circuits 32,-327 also have diodes 33,-333 an^* output signal is sequentially delayed by T/14 before it is 

capacitors 35,-357, respectively. However, gate circuits switched, the logic levels of the output signals will not be 

34, -347 used for controlling charging/dischargiiig of capaci- switched simultaneously in two or more gate circuits, 
tors 35,-357 comprise inverters and are arranged outside Current will flow to each of gate circuits 34,-34, when 
charge-pump circuits 32,-327- ™s is dififerem from charge- lo ^j^^ ^^^^ j^^^j ^^^^^^ ^-^^^^ ^ switched. However, as 
pump Circuits 2,-27 shown lo FIG. 1. described above, the logic levels of the output signals are not 

Said gate circuits 34,-347 are interconnected in scries. switched simultaneously for two or more gate circuits. 

The output of gate circuit 347 of the last stage is input to gate unlike the case of the conventional technology, where a large 

circuit 34, of the first stage. A ring oscillator 38 comprises current flows because the logic levels of the output signals 

said gate circuits 34,-347. 15 of aU of the gate circuits are switched at the same time. As 

The output terminals of gate circuits 34,-347 are con- shown in FIG. 7, the sum of the currents Ica flowing to 

nected to the terminals of capacitors 35,-357 on the low- various gate circuits 34 is reduced. Therefore, the noise can 

potential side of charge-pump circuits 32 ,-327, respectively. also be reduced. 

When the output signal is on the low level or high level, said the circuit shown in HG. 6, ring oscillator 38 comprises 

gate circuits 34,-347 can connect the termmals of capacitors g^jg circuits 34,-34, which chaigc/discharge capacitors 

35, -357 on the low-potential side lo ground or the power 35^-.35^, respectively. However, the present invention is not 
supply voltage to charge/discharge capacitors 35,-357. limited to this constimtion. For example, as shown by 

The operation of nng osaUator 38 will be explained symbol 41 in FIG. 8, seven inverters 39,-397 are used in 

below. FIG. 7 shows the waveforms of output voltages addition to gate circuits 34,-347. A ring oscillator 48 com- 

37,-377 of gate circuits 34,-347. prises said inverters 39,-397. outputs of said inverters 

Gatecircuits34i-347of ring oscillator 38 invert the input 39,-397 are input to gate circuits 34,-347 for charging/ 

signal and output it to the gate circuit of the next stage after discharging, respectively. 

delaying the input signal by a time period x. ^Vhen gate circuits 34,-34, for charging/discharging are 

When the output signal of gale circuit 34, of the first stage 3^ separated from ring oscillator 48, the influence of the change 

LS at the high level, a high level signal is input lo gale circuit the [gad can be eliminated. 

34,oflhesecondstage,invertedtothelowlevel delayedby Also, as shown in FIG. 9, instead of ring oscillator 48 ased 

T, and then output to gate circuit 343 of the third stage. The ^ ^^^^^ ^^^-^ ^^^^ ^ ^ .j,!^ 

low-level signal input to gate arcuit 343 of the third stage i^ „^ ^ signal-generating circuit 8 and a timing control circuit 

mverted lo the high level in gate circmi 343 of the third ^5 5g 

stage, delayed by t, and then output to gale circuit 34. of the ' . ^ . . . . , 

fourth stage. The output signal of gate circuit 34, of the firel . T™ing conttol circuit 58 has first through sevemh delay 

stage is sequentially reversed and delayed by t in gate circuits 54, 547. 

circuits 34 and is ultimately output to gate circuit 347 of the Among the first through seventh delay circuits 54,-547, 

last stege. *c first, third, fifth, and seventh delay circuits 54^, 543, 545, 

The output signal of gate circuit 347 of the last stage is ^ ^7 are connected to each other in series, while the 

inverted a total of 6 Umes by gate circuits 343-347 from the second, fourth, and sixth delay circuits 54^, 54^, and 54^ arc 

second sUge to the last stage. Then, the output signal of the connected to each other in scries. The input terminals of 

final gate circuit which is at the high level is output to the first and second delay circuits 54, and 54^ are connected 

inputterminalofgatccircuit34,inthefiiststage.Afterthat, .5 *o ^"^"^ teraiinal of signal-generaung circuit 8. The 

a low-level signal is output from gate circuit 34, of the first ^^^»y ^*^^^y '^^rcuit 54, is taken as At, whfle 

stage, successively inverted by each of the gate circuits ^^^^ ^^^^y^ ^^^^ through seventh delay circuits 

342-347, and output to the gate circuit of the next stage. 542-547 are taken as 2Ai. 

When signals are inverted and transferred by gate circuits When a control signal is output from signal-generating 

34,-347 as described above, the signals from two neighbor- 50 ^^^cuit 8 to the first delay circuit 54,, the control signal is 

ing gate circuits will be output out of phase The power delayed by a period of At by the first delay circuit 54, and 

supply voltage Vcc input to charge-pump circuit 32, of the output to the third delay circuit 543. Then, the control signal 

first stage is sequentially boosted by as much as the power is delayed by 2At by each of the third, fifth, and seventh 

supply voltage Vcc by each of the charge-pump circuits ^®lay circuits 543, 54;, and 547. 

32,-327. As a result, a boosted voltage equal to (the number 55 Consequently, in the third delay circuit 543, the control 

ofstagesof the charge-pump circuiLs+l)x Vcc is output from signal is delayed by (At+2At)=3Al, that is, the sum of the 

charge-pump circuit 327 of the last stage to a load circuit (not time delay At of the first delay circuit 54, and the time delay 

shown in the figure) via diode (80), which prevents the flow 2At of the third delay circuit 543 before it is output, 

of reverse current, and output terminal 10. Similarly, in the fifth delay circuit 545, the control signal is 

The number of stages of gate circuits 34,-347 is 7. 'ITie 60 delayed by (At+2At+2At)»5At before it is output. In the 

signal delayed by a lime period x of each of the gale circuits seventh delay circuit 54;, the control signal is delayed by 

34,-347 will return to the original phase when delayed 7x2 (At+2At+2At+2Ai)=7At before ii is output, 

times. Therefore, if the oscillation period of the ring oscil- On the other hand, when a control signal with a phase 

lator is T, the relationship 7x>t«"T can be obtained, and the opposite to that of the control signal input lo the first delay 

time delay r of each gate circuit will be T/14. 65 circuit 54, is input lo the second delay circuit 54^, the 

Consequently, when the logic level of the output signal of control signal is delayed by 2At by each of the second, 

one of gate circuits 34,-347 is switched, the logic level of fourth, and sixth delay circuits 542, 544, and 54^. Therefore, 
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the control signal is delayed by 2At, 4M, and 6At, 
respectively, when it is output from the second, fourth, and 
sixth delay circuits 542, ^6- 

When the logic level of the control signal input to the first 
delay circuit 54^ is switched, the logic level of the output 
signal of the first delay circuit 54} is switched after a period 
of At since the point in time that the logic level of the control 
signal is switched. Similarly, the logic levels of the output 
signals of the third, fifth, and seventh delay circuits 543, 



shown in FIG. 9. It is also possible to output the control 
signal to each charge-pump circuit after it is delayed by a 
dififerent period of time for each charge -pump circuit. 

The power consumption and noise of a booster circuit 
using charge-pump circuits can be reduced. 

What is claimed is: 

1. A booster circuit comprising N rectifying elements that 
are electrically connected in series between a voltage input 
and 54^ are switched after 3At, 5At, and 7At since the point terminal and a voltage output terminal with the terminal on 



in time that the logic level of the input control signal is 
switched, respectively. On the other hand, when the logic 
level of the control signal input to the second delay circuit 
542 is switched, the logic level of the output of the second 
delay circuit 542 is switched after a period of 2At since the 
point in time that the logic level of the control signal is 
switched. Similarly, the logic levels of the output signals of 
the fourth and sixth delay circuits 544 54<5 are switched 
after 4 At and 6 At since the point in time that the logic level 
of the control signal is switched, respectively. 

Since the control signals input to the first and second 
delay circuits 54, and of phase, the logic levels 

are switched almost simultaneously between the control 
signals. However, as described above, in the first to the 
seventh delay circuits 54,-54,, the logic level of each output 
signal is switched after a different time delay in the range of 
At-7At from the point in time that the logic level of each 
control signal is switched. Consequently, the logic levels of 
the output signals of two or more delay circuits will not be 
switched at the same time. 

Gate circuits 34^-34, are synchronized with the switching 
of the logic levels of the output signals of delay circuits 
54,-547 to switch the charging/discharging state of capaci- 
tors 35j-357 of the various charge-pump circuits. 
Consequently, similarly to booster circuits 31 and 41 shown 
in FIGS. 6 and 8 that use ring oscillators, in this case, the 
charging/discbarging states of two or more capacitors will 
also not be switched at the same time. Therefore, a large fiow 
of current can be avoided at the time that the charging/ 
dischaiging state is switched. 

Said booster circuits 1, 31, 41, and 51 are all composed of 
seven charge-pump circuits stages. However, the present 
invention is not limited to this number of charge-pump 
circuit stages. 

Also, in booster circuit 51 shown in FIG. 9, the configu- 
ration of timing control circuit 58 is not limited to that 
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an anode side taken as the voltage input terminal side, 

N capacitors, each of which has one terminal electrically 
connected to the terminal on the cathode side of one of 
the rectifying elements, and 
a first signal supply circuit which supplies a first control 
signal to the capacitors of the odd-numbered stages and 
a second signal supply circuit which supplies a second 
control signal whose phase is opposite to that of the first 
control signal to the capacitors of the even-numbered 
stages; wherein a first time delay is applied sequentially 
to the first control signal supplied to the other terminal 
of each capacitor of the odd-numbered stages, and a 
second time delay is applied sequentially to the second 
control signal supplied to the other terminal of each 
capacitor of the even-numbered stages, wherein the 
first control signal is delayed by a lime interval At 
before being applied to the first stage, and delayed 
30 sequentially by a time interval 2At between each odd- 
numbered stage, the second control signal is delayed by 
a time interval of 2At before being applied to the second 
stage and by a time interval of 2At Isetween each 
even-numbered stage. 
35 2. The booster circuit described in claim 1 further com- 
prising a diode for preventing reverse current, which is 
electrically connected between the terminal on the cathode 
side of the rectifying element of the Nth stage and the 
voltage output terminal, and an output capacitor which is 
40 connected between the voltage output terminal and a refer- 
ence potential where the rectifying elements are made of 
diodes, and an inverter is coupled between the first and 
second control signals supplied to the odd-numbered and 
even-numbered stages, respectively and the other terminal 
45 of each respective capacitor. 
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(57) ABSTRACT 

A charge pump circuit, connected between a first voltage 
reference and an output terminal, comprises at least two 
parallel-coupled stages having an elementary charge pump 
circuit connected between said first voltage reference and 
said output terminal, and adjustment circuitry connected 
between said output terminal and respective control termi* 
nals of said at least two stages. Hiis adjustment circuitry is 
arranged to select for actuation an appropriate combination 
of these elementary stages according to the current absoibed 
from a load connected to the output terminal. 
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LOW POWER CHARGE PUMP CIRCUIT 

HELD OF THE INVENTION 

The present invention relates to a low power consumption 
charge pump circuit. 

Specifically, the invention relates to a charge pump circuit 
that is connected between a first voltage reference and an 
output terminal. 

The invention further relates to a method of generating a 
substantially constant voltage signal whose value exceeds a 
supply voltage reference. 

The invention relates, particularly but not exclusively, to 
a charge pump circuit for low power applications, this 
description covering that field for convenience of illustration 
only. 

DESCRIPTION OF THE RELATED ART 

As is well known, extensive use is made nowadays of 
nonvolatile digital data memory devices. Consumer 
products, such as still and TV cameras, "walkmen," cellular 
phones, and electronic notebooks, require this kind of 
memory devices for storing information in a compact sup- 
port of large capacity. 

A shortcoming of nonvolatile memory devices is the high 
power consumption that associates with their operation. This 
is obviously of major consequence to portable products like 
those listed above, which have to be battery powered. 

Most of the power expended to operate such memories 
goes to charge pump circuits, which are arranged to raise the 
voltage value above the supply (usually, battery) level for 
further supplying a part of the circuitry integrated in the 
memory device. This is because the voltages needed to 
perform such basic operations as program and erase opera- 
tions in nonvolatile memory devices, and in low voltage 
supply circuits read operations as well, are higher than the 
supply voltage. 

Thus, providing charge pump circuits that would absorb 
as little as possible on the power supply for their operation 
is quite important, and the present trend toward ever lower 
supply voltages for integrated circuits can only emphasize 
this importance. 

A standard charge pump circuit for nonvolatile memory 
chips is shown in FIG. 1, that illustrates a known charge 
pump of the Dickson type. 

This charge pump comprises a plurality of stages Sl-SN, 
which are connected in cascade between an input node that 
is connected to a voltage supply line VDD, and an output 
node. The output node is connected to a load L represented 
by a capacitor having a capacitance and being connected 
in parallel with a current-absorbing element locrr connected 
between said output node and a reference GND. Each stage 
comprises a charge transfer element PS comprising of a pass 
transistor that has its gate terminal driven by appropriate 
drive signals, and a transfer capacitor of capacitance 
having one plate connected to the transfer element PS and 
the other plate connected to a drive signal A, B, C, D. 

Two equations are related with the circuit of RG. 1 which 
link the circuit output voltage ^oLrr current I^;^ 

absorbed from the supply reference to variation of the 
current l^^^ that the circuit is to supply to the load: 
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^ouT = (n + i)^DD - ""T^ = ^ouTMAX - /tourhuT 
jCr 

5 

W'»+lKo«^«/C'/>wVi,o (2) 

where: 

n is the number of stages used in the charge pump; 
I^^ is the output current, i.e., the current absorbed from 
10 the load; 

V^,^ is the supply voltage; 

Cj- is the capacitance of the transfer capacitors; 

is the capacitance of a parasitic capacitor of the 
bottom plate of each transfer capacitor; and 
15 /is the frequency of the clock signal (i.e., the switching 
frequency of the drive signals A, B, C, D to the charge 
pump). 

The single parasitic effect considered in equation (2) is 
that due to the parasitic capacitance that exists between the 

20 bottom plates of the transfer capacitors of capacitance Cj- 
and the ground reference GND. This, of course, is inclusive 
of the parasitic capacitance of the lines connected to this 
plate, which capacitance is usually much lower than the 
parasitic capacitance of the plate itself. In particular, the 

25 parasitic capacitances associated with the internal nodes of 
the charge pump, such as the capacitance of the top plates of 
the capacitors and the parasitic capacitances associated with 
the capacitors Cg and the other charging elements PS, are 
neglected in Equations (1) and (2). 

30 In particular, it is evinced from Equation (1) that the 
loadless output voltage youTMAx* t>e-> the current absorbed 
from the load L is zero, of the charge pump is ^outmax^ 
(n+l)V^^, and the loadless output resistance Rout ^ n//Cr. 
Equation (1) shows that, if a current lour ^ ^ 

35 delivered with the output voltage ^Qirr held at or above a 
predetermined value, a minimum of stages must be used. 
Also, to minimize the voltage drop due to the charge pump 
circuit delivering the current loim ^ high frequency and 
large transfer capacitors must be used. 

40 However, the last -mentioned requirement collides with 
the provisions of Equation (2) because, as the capacitance 
CTof the transfer capacitors increases, the value of the 
parasitic capacitances also increases, and with it the current 
I/^ absorbed from the power supply. The same consideration 

45 applies to the frequency /. 

Accordingly, the charge pump circuits are at once 
required to deliver the necessary current to the load, to hold 
the output voltage at an adequate level, and to absorb the 
lowest possible amount of current 1,^^ from the power supply. 

50 This is particularly true when the charge pump is used for 
driving a load whose absorption of the current I^^ varies 
conspicuously with time. To provide a desired value of the 
output voltage Vaur ^ l^^S^ value of the current lour* 
product fCj. has to be sufficiently high. With such a pump, 

55 when the current l^^j. absorbed from the load is small, the 
output voltage ^our approaches its maximum ^outmax 
(corresponding to the loadless voltage value). 'ITie drop due 
to the term lain^fCr is thus minimized. 
Under these conditions, the voltage value your ^ htS^* 

60 although a lower output voltage value your would be 
sufficient to ensure proper performance of the whole circuit. 
Thus, it makes no sense to keep the charge pump at the top 
of its capacity under such conditions, while it could be 
operated at lower levels and reduced power absorbed from 

65 the power supply, i.e., at a lower value of /Cys 

A first prior approach to reach this requirement provides 
for on/off control of the output volUge Voim i ^-, the charge 
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pump turns off as soon as the output voltage reaches a higher 
preset threshold value, and turns on again as the output 
voltage falls below this value. 

Despite its simple design, this approach has a drawback in 
that, at each working cycle of the drive signals, a predeter- s 
mined charge amount AQ is output. As said before, if the 
charge pump circuit is sized to provide a desired output 
voltage level V^^whcn there is a high output current lour* 
the charge amount AQ will be adequately large, because the 
charge amount AQ equals the amount of charge absorbed by lO 
the load L during one cycle of the drive signals A-D. Thus, 
as the control loop by which the charge pump is tumed 
on/off operates the charge pump, the output voltage ^our 
will experience a manifest increase. This increase is then 
cancelled, in time interval, by the absorption from the load is 
L. This produces substantial rippling of the output voltage 

The ripple is the more manifest when some delay occurs 
in the control loop. In this case, the charge pump may stay 
*on* for some lime even if the output voltage Voirr exceeds 20 
the preset threshold level, so that the ripple amplitude is 
increased. 

A prior embodiment based on the on/oH control technique 
provides for the capacitance Or of the transfer capacitors to 
vary with the current l^ur absorbed from the load. This 25 
requires the availability of a DPCA (Digital Programmable 
Capacitor Array), i.e., sets of cascaded capacitors adapted 
for independent activation. However, where high operating 
voltages are involved, high-voltage capacitors must be used, 
i.e., capacitors that can withstand large electric fields 30 
between their plates. By reason of their construction, such 
capacitors exhibit large parasitic capacitances between their 
bottom plates and ground. With the bottom plates of the 
capacitors connected to the drive signals, this leads to a large 
dissipation of power according to Equation (2). Also, the 35 
connection of the bottom plate to the internal node of the 
charge pump causes the capacitive partition ratio of the 
individual stages to be exceedingly low, thus draining a 
significant portion of the charge on the internal nodes of the 
charge pump to ground and reducing the maximum attain- 40 
able value ^ovrj>AAx of the output voltage. 

Furthermore, high-voltage switches must be provided for 
selecting the DPCA capacitors, these switches taking up a 
large amount of silicon area and having large parasitic 
capacitances. 45 

A second prior approach to the problem of controlling 
power consumption of the charge pump provides for the 
output voltage to be controlled by adjusting the frequency of 
the clock signal. 

However, not even this approach is devoid of so 
shortcomings, although it does provide a smoother output 
voltage. Since the capacitance Qj> of the transfer capacitor 
must be large when the current absorption from the load L 
is small, the output voltage is once again rippled (due 
to that the charge amount AQ may be loo large during a 55 
single cycle of the drive signals). 

The underlying technical problem of this invention is to 
provide a charge pump circuit with appropriate structural 
and functional features to lower power consumption both in 
operation and standby, i.e., when no current is absorbed by 60 
the charge pump output (standby), thereby overcoming the 
drawbacks that beset prior art circuits. 

BRIEF SUMMARY OF THE INVENTION 

The resolutive idea which is at the basis of this invention 65 
is that of providing a charge pump that comprises a parallel 
of at least two elementary charge pump circuits, wherein the 
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charge pump is able to sense the current absorbed from 
the load connected thereto, and accordingly select the best 
combination of elementary charge pump circuits for each 
absoibed current lovr^ 

Based on this principle, the technical problem is solved by 
a circuit as indicated, and as defined in claim 1. 

The problem is further solved by a method as previously 
indicated, and as defined in claim 10. 

The features and advantages of the device according to 
the invention will be apparent from the following detailed 
description of an embodiment thereof, given by way of 
example and not of limitation with reference to the accom- 
panying drawings. 

BRIEF DESCRIFIION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

In the drawings: 

FIG. 1 shows a charge pump circuit according to the prior 
art; 

FIG. 2 shows a block diagram of the charge pump circuit 
according to an embodiment of the invention; 

FIG. 3 shows a schematic equivalent circuit diagram of 
the charge pump circuit according to an embodiment of the 
invention; 

FIGS. 4 and 5 show a possible embodiment of the charge 
pump circuit shown in FIG. 2; 

FIG. 6 shows a time graph of the output voltage from the 
circuit of this invention, plotted against the current absorbed 
from a load connected to the circuit; and 

FIG. 7 shows a qualitative time graph of the activating 
signals to four stages of the charge pump circuit embodiment 
of this invention, plotted against the current absorbed from 
the load connected to the circuit. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Embodiments of a low power charge pump circuit are 
described herein. In the following description, numerous 
specific details are given to provide a thorough understand- 
ing of embodiments of the invention. One skilled in the 
relevant art will recognize, however, that the invention can 
be practiced without one or more of the specific details, or 
with other methods, components, materials, etc. In other 
instances, well-known structures, materials, or operations 
arc not shown or described in detail to avoid obscuring 
aspects of the invention. 

Reference throughout this specification to "one embodi- 
ment" or "an embodiment" means that a particular feature, 
structure, or characteristic described in connection with the 
embodiment is included in at least one embodiment of the 
present invention. Thus, the appearances of the phrases "in 
one embodiment" or "in an embodiment" in various places 
throughout this specification are not necessarily all referring 
to the same embodiment. Furthermore, the particular 
features, structures, or characteristics may be combined in 
any suitable manner in one or more embodiments. 

With reference to the drawings, in particular to the 
example of FIG. 2, a charge pump circuit realized according 
to an embodiment this invention is generally shown at 1 in 
schematic form. The charge pump circuit can be used, i.e., 
in integrated memory device. 

The circuit 1 of this invention comprises a plurality n of 
stages connected together in parallel between a supply 
voltage reference V^,^ and an output terminal OUT. 
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A control circuit 6 is connected between the output 
terminal OUT of the circuit 1 and the input of each stage, to 
provide respective select/enable signals SELl, SEL2, . . , , 
SEL4 to the stages. According to the invention, the control 
circuit 6 is adapted to select for activation a suitable com- 5 
bination of these elementary stages according to a current 
absorbed by a load connected to the output terminal OUT. 

In one embodiment, herein described and illustrated by 
way of non-limitative example, the circuit 1 comprises four 
stages 2, 3, 4, 5, each incorporating a conventional elemen- 
tary charge pump circuit. However, nothing prevents pro- 
viding only two such stages. 

Each stage of the first three 2, 3, 4 has a terminal to which 
synchronization (clock) signals CKl, . . . , CK3 are con- 
nected. Advantageously, these clock signals CKl, . . . , CK3 
are connected to a commoa signal. In particular, according 
to an embodiment of the invention, these stages 2, 3, 4 are 
driven by clock signals CKl, . . . , CK3 that have all the same 
frequency and are derived from one signal, referred to as the 
master clock signal, through a conventional enable/disable 
network. However, nothing prevents these clock signals 
CKl, - . . , CK3 from aU being different. 

According to an embodiment of the invention, the stages 
2, 3, 4, 5 comprise charge pumps having the same loadless ^5 
output voltage {^ouTjaAx^ different output resistances, 
as schematically illustrated by the equivalent circuit of FIG. 
3. 

In one embodiment of the circuit 1 according to the 
invention, the stages 2, 3, 4, 5 comprise each at least one 30 
conventional charge pump circuit of the pass transistor type, 
with each of these circuits including transfer capacitors of a 
different size from those of the other blocks. 

In particular, the first stage 2 comprises a charge pump 
circuit having transfer capacitors of a capacitance CP, the 35 
second stage 3 a charge pump circuit having transfer capaci- 
tors of a capacitance CT/2, the third stage 4 a charge pump 
circuit having transfer capacitors of a capacitance CT/4, and 
the fourth stage 5 a charge pump circuit having transfer 
capacitors of a capacitance CI78. The four stages 2, 3, 4, 5 40 
deliver their charge to the single output terminal OUT, and 
may be operated in parallel. 

Advantageously, the stage 5 comprises a pass-transistor 
elementary charge pump circuit, wherein the clock signal is 
provided by a voltage-controlled oscillator (VCO). In this 45 
stage 5, the control signals (and, hence, the frequency of the 
output signal) are dependent on the pump output voltage. 
However, nothing prevents the other stages 2, 3, 4 could also 
be provided with a voltage-controlled oscillator VCO, 
instead of being connected to the same clock signal, with the 50 
clock signal CKl, . . . , CK3 being fixed. 

A possible embodiment of such stages is shown in FIG. 4 
as a block PC that contains the four charge pump circuits of 
the stages 2, 3, 4, 5. 

55 

The control circuit 6 of FIG. 2 may comprise an analog- 
to-digital converter 7 and selection logic 8, for example. 

In particular, the converter 7 will produce logic control 
signals for controlling the output voUage yoim 2S this 
voltage varies at the output terminal OUT. 50 

Referring to FIGS. 4 and 5, in a non-limitative example, 
the converter 7 comprises a first section REG and a second 
section COMP. The first section REG comprises a voltage 
divider arranged to reduce the output voltage your to a 
value within a reference range, for instance between 65 
ground voltage GND and supply voltage V^^. This voltage 
is input to the second section COMP of FIG. 5 through 
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a voltage repeater. The second section COMP comprises a 
plurality of comparators, lliese comparators are to compare 
the output voltage V^^,^ from the voltage repeater with 
predetermined reference voltages V^^j, . . . , and 
output an appropriate logic signal. In the embodiment of 
FIG. 5, these logic signals are designated XI, X2, X3, X4, 
X5,X6. 

The selection logic 8 will select one or more of the charge 
pULmp circuits in the stages 2, 3, 4, 5 for activation, according 
to the logic signals that are generated by the converter 7. In 
a typical configuration, a pump would be activated by 
enabling its drive signals, and deactivated by disabling its 
drive signals, i.e., holding them at a fixed level. A possible 
embodiment of this activation logic is illustrated by blodc 
LC in FIG. 4. 

As to the operation of this circuit 1, when the current I^^ 
absorbed by a load on the output terminal OUT is small, only 
stage 5, i.e., the stage with lowest transfer capacitance is 
enabled. The dynamic power consumption of the circuit I is, 
therefore, very low. The output voltage VOUT is held at a 
value preset by this stage 5. 

Advantageously, when the clock signal to the stage 5 is 
provided by a VCO, with no absorption of output current 
lOUT, the charge pump of the stage 5 is operated at the 
lowest available frequency and consumes lowest power. 

With the circuit 1 loadless, the voltage at the output 
terminal OUT is the highest available from the circuit 1. 
When the current lour absorbed from the load is other than 
zero, the stage 5, which is the only active one, senses a 
variation in the load that produces a decrease in the output 
voltage, and through the clock signal controlled by the VCO, 
raises its frequency to compensate for the current change. 

In practice, this single charge pump of the stage 5 operates 
in the example illustrated on the charge pump adjustment 
principle using the drive signal frequency. 

As the current l^ur increases again, the control circuit 
enables one or more of the stages 2, 3, 4 according to the 
magnitude of the current lour- 

Of course, each module that is activated involves some 
loss, so that the smaller the number of modules that are 
turned on, the less the power used up in the circuit 1. 

As is evinced from Equation (1) when applied to each 
elementary charge pump stage, once n, f and are set, 
for each value of the output current l^i/r ^^^^ ^ ^ 
transfer capacitance value at which the output voltage 
^ouT reached by the charge pump equals the voltage V^^ 
to which the output terminal OUT need to be raised. More 
precisely, when the current l^irr is small, a small capaci- 
tance value C7- of the transfer capacitor will sulBce (for the 
same /), i.e., a small transfer capacitor will suffice having a 
small parasitic capacitance C/^j^ associated therewith. 
Consequently, the current absorbed by the supply reference 
will be reduced. 

According to one embodiment of the invention, only such 
stages as are necessary for the circuit 1 to perform correctly 
may be actuated. 

In summary, according to an embodiment of the invention 
a plurality of stages may be connected in parallel, with each 
stage including at least one charge pump with transfer 
capacitors of different sizes. According to the current I^t/T- 
being delivered to the load, the stage in the circuit 1 is 
activated whose charge pump has the most appropriate 
transfer capacitance. Also, when m is the number of stages 
employed in the circuit 1, by activating j (where j varies 
between 1 and m) stages simultaneously instead of one at a 
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time, the output voltage can be a finely adjusted value. In 
other words, the control circuit 6 operates activating, accord- 
ing to the vahie of the current lour» the connection of a 
charge pump combination to the output. 

The activation of one or more charge pumps implies the ^ 
overall output resistance of the circuit 1 varying as shown in 
FIG. 3. Thus, by programming the elementary charge pumps 
in the stages 2, 3, 4 and, hence, the overall output resistance, 
the number of charge pumps kept working at any one time, 
and the dynamic power dissipated through the whole circuit; 
can be minimized. 

In the example shown in FIGS. 4 and 5, there are only 
seven elementary charge pump combinations possible, 
requiring six comparators in the analog/digital converter 7. 

FIG. 7 illustrates a possible actuation sequence for the 
four stages 2, 3, 4, 5 of the circuit 1 in the embodiment of 
FIGS. 4 and 5, against the current absorbed from the load 
connected to the circuit 1 of this invention. 

Nothing prevents any of the combinations of elementary ^ 
charge pumps possible in the sUges 2, 3, 4, 5 can be 
activated. For example, to best utilize the binary weighing 
strategy adopted for the four stages with charge pumps, there 
may be provided no more than fifteen comparators in the 
anak)g-to-digital converter 7 ^ 

FIG. 6 Is a simulation graph of the circuit output voltage 
V^LT against the current I^^^ absorbed from the load. In the 
simulation, the load was an ideal voltage-driven current 
generator. As can be seen, in going from an output current 
^ouT equal 0 to an output current I^y^ equal 1.8 mA; the 30 
output voltage of the circuit 1 varies by the range of 
1 Volt. 

In particular, when the current I^^;,. equals 0 mA, only 
stage 5 is enabled in the circuit 1 of this invention, with the 
loadless voltage of the circuit 1 at the maximum loadless 35 
volUge value ^outm^- ^ ^® current I^^^^ begins to rise, 
i.e., the current demand from the load increases, one or more 
of the stages 2, 3, 4 are actuated in the circuit 1 to keep the 
output voltage ^ovt substantially constant. A small voltage 
drop can be observed in the output voltage Vovt where the 40 
current 1^^^ rises. 

To summarize, the device of one embodiment of this 
invention affords: 

a large reduction in the current absorbed from the system 
under a condition of a small or no load current being 
delivered, meaning less power used up by the power supply; 

quick response to manifest variations of considerable 
magnitude in the ciu^rent absorbed from the load, since in 
this invention, one or more charge pumps are always kept 
operating to maintain the charge on the internal nodes of the 
circuit; 

a smaller number of charge pump circuit switchings, 
making for improved efficiency of the circuit; 

freedom to choose from different types of charge pumps, 55 
e.g., Dickson-type charge pumps, for use in the system. 

All of the above U.S. patents, U.S. patent application 
publications, U.S. patent applications, foreign patents, for- 
eign patent applications and non-patent publications referred 
to in this specification and/or listed in the Application Data go 
Sheet, are incorporated herein by reference, in their entirety. 

The above description of illustrated embodiments of the 
invention, including what is described in the Abstract, is not 
intended to be exhaustive or to limit the invention to the 
precise forms disclosed. While specific embodiments of, and 65 
examples for, the invention arc described herein for illus- 
trative purposes, various equivalent modifications are pos- 
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sible within the scope of the invention and can be made 
without deviating from the ^irit and scope of the iovention. 

These and other modifications can be made to the inven- 
tion in light of the above detailed description. The terms 
used in the following claims should not be construed to limit 
the invention to the specific embodiments disclosed in the 
specification and the claims. Rather, the scope of the inven- 
tion is to be determined entirely by the following claims, 
which are to be construed in accordance with established 
doctrines of claim interpretation. 

What is claimed is: 

1. A charge pump circuit connected between a first voltage 
reference and an output terminal, the charge pump circuit 
comprising: 

at least two stages, each stage including an elementary 
charge pump circuit and being connected between said 
first voltage reference and said output terminal, each 
stage further including a control terminal to respec- 
tively select each stage; and 

adjustment circuitry connected between said output ter- 
minal and respective control terminals of said at least 
two stages, including a converter circuit to generate 
logic signals based on a current at the output terminal, 
wherein the elementary charge pump circuit of each 
stage has transfer capacitors with different capacitances 
from the other stages. 

2. A charge pump circuit according to claim 1 wherein one 
of said at least two stages is activated or deactivated during 
circuit operation by said adjustment circuitry as a value of 
the current on said output terminal varies under application 
of an external load. 

3. A charge pump circuit according to claim 1 wherein a 
combination of said at least two stages is activated or 
deactivated during circuit operation by said adjustment 
circuitry as a value of the current absorbed by an external 
load varies on said output terminal, 

4. A charge pump circuit according to claim 1 wherein the 
elementary charge pump circuit of each stage has transfer 
capacitors whose capacitance values are multiples of a 
smallest capacitance value found within any of the stages. 

5. A charge pump circuit according to claim 1 wherein at 
least one of the stages comprises a charge pump with a 
variable clock signal. 

6. A charge pump circuit according to claim 5 wherein 
said variable clock signal is generated by a voltage- 
controlled oscillator driven by said charge pump. 

7. A charge pimip circuit according to claim S wherein 
said charge pimip with the variable clock signal comprises 
transfer capacitors of least capacitance compared to capaci- 
tances of transfer capacitors in another of said at least two 
stages. 

8. A charge pump circuit according to claim 3 wherein 
said adjustment circuitry comprises selection logic and an 
analog-to-digital converter, connected in cascade together 
between said output terminal and said plurality of stages. 

9. A method of generating a substantially constant voltage 
signal of a higher value than a supply voltage reference, the 
method comprising: 

generating said voltage signal to an output terminal using 
a charge pump circuit, said charge pump circuit com- 
prising a plurality of stages, with each stage including 
an elementary charge pump circuit, said stages being 
connected parallely with each other; 

determining a value of a current absorbed from a load 
connected to said output terminal; 

generating logic signals based on the determined value of 
the absorbed current; and 
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selectively actuating said stages in response to the gen- 
erated logic signals and according to the determined 
value of said absorbed current, wherein only one of said 
stages is actuated when said determined current value 
is zero, and that a combination of said stages is actuated 
when said determined current value is other than zero. 
10. A method of generating a voltage signal according to 
claim 9 wherein said stages are actuated selectively by 
adjustment circuitry connected between said output terminal 
and respective control terminals of said stages. 

U. A method of generating a voltage signal according to 
claim 10 wherein each stage is driven by a respective clock 
signal from plural clock signals, each of the plural clock 
signals being different from the other clock signals by at 
least frequency. 

12. A method of generating a substantially constant volt- 
age signal of a higher value than a supply voltage reference, 
the method comprising: 

generating said voltage signal to an output terminal using 
a charge pump circuit, said charge pump circuit com- 
prising a plurality of stages, with each stage including 
an elementary charge pump circuit, said stages being 
connected parallely with each other; 

determining a value of a current absorbed from a load 25 
connected to said output terminal; 

generating logic signals based on the determined value of 
the absorbed current; and 

selectively actuating said stages in response to the gen- 
erated logic signals and according to the determined 
value of said absorbed current, wherein the elementary 
charge pump circuit of each stage has transfer capaci- 
tors of different capacitances from the other stages. 

13. An apparatus, comprising: 

a plurality of stages coupled in parallel between a vohage 
reference and an output terminal, at least some of the 
stages including a charge pump circuit; and 

a control circuit coupled between the output terminal and 
an input terminal of each stage to control activation of ^ 
the at least some of the stages, the control circuit 
including selection logic to selectively activate or deac- 
tivate at least one of these stages according to a current 
that varies at the output terminal under different load 
conditions, the control circuit further including a coo- 
verier to cooperate with the selection logic to generate 
logic signals based on the current at the output terminal, 
wherein the charge pump circuit of the at least some of 
the stages includes a capacitor having a different 
capacitance than capacitors of other stages. ^ 

14. An apparatus, comprising: 

a plurality of stages coupled in parallel between a voltage 
reference and an output terminal, at least some of the 
stages including a charge pump circuit; and 

a control circuit coupled between the output terminal and 55 
an input terminal of each stage to control activation of 
the at least some of the stages, the control circuit 
including selection logic to selectively activate or deac- 
tivate at least one of these stages according to a current 
that varies at the output terminal under different load 60 
conditions, the control circuit further including a con- 
verter to cooperate with the selection logic to generate 
logic signals based on the current at the output terminal, 
wherein at least one stage having the charge pump 
circuit includes a charge pump circuit with a variable 65 
clock signal generated by a voltage-controlled oscilla- 
tor. 



15. A method, comprising: 

determining a value of a current absorbed by a load at an 

output terminal; 
generating logic signals to selectively activate at least one 

of parallel stages of a charge pump circuit based on the 

determined value of the currem; 
generating a substantially constant output voltage, of a 

higher value than a supply voltage, based on the 

selectively activated at least one stage; 
providing the generated output voltage to the load; and 
driving the stages by a respective one of plural clock 

signals, each clock signal different from each other by 

at least frequency. 

16. The method of claim 15, further comprising: 
activating only one of the stages if the determined value 

of the current is substantially zero; and 
activating a combination of the stages if the detected 
value of the current is other than substantially zero. 

17. A charge pump circuit connected between a first 
voltage reference and an output terminal, the charge pump 
circuit comprising: 

at least two stages, each stage including an elementary 
charge pump circuit and being connected between said 
first voltage reference and said output terminal, the 
elementary charge pump circuit of each stage having at 
least one transfer capacitor with a different capacitance 
from a capacitor of another stage; and 

adjustment circuitry connected between said output ter- 
minal and respective control terminals of said at least 
two stages, wherein the at least one capacitor has a 
capacitance that is a multiple of a smallest capacitance 
value found within any of the stages. 

18. A charge pump circuit connected between a first 
voltage reference and an output terminal, the charge pump 
circuit comprising: 

at least two stages, each stage including an elementary 
charge pump circuit and being connected between said 
first voltage reference and said output terminal, at least 
one of the stages having a charge pump circuit with a 
variable clock signal and having transfer capacitors of 
least capacitance compared to capacitances of transfer 
capacitors in another stage; and 

adjustment circuitry connected between said output ter- 
minal and respective control terminals of said at least 
two suges. 

19. A method of generating a substantially constant volt- 
age signal of a higher value than a supply voltage reference, 
the method comprising: 

generating said voltage signal to an output terminal using 
a charge pump circuit, said charge pump circuit having 
a plurality of parallel stages, with each stage including 
an elementary charge pump circuit, the elementary 
charge pump circuit of each stage having transfer 
capacitors of different capacitances from other stages; 

determining a value of a current absorbed from a load 
connected to said output terminal; and 

selectively actuating said stages according to the deter- 
mined value of said absorbed current. 

20. A apparatus for generating a substantially constant 
voltage signal of a higher value than a supply voltage 
reference, the apparanis comprising: 
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a means for generating said voltage signal to an output 
terminal using a charge pump circuit, said charge pump 
circuit having a plurality of parallel stages, with at least 
one stage including an elementary charge pump circuit, 
the elementary charge pump circuit of that stage having 5 
a transfer capacitor of diHerent capacitance from 
capacitors of other stages; 

a means for determining a value of a current absorbed 
from a load connected to said output terminal; 



a means for selectively aauating said stages according to 
the determined value of said absorbed current; and 

a means for using a binary-weighting strategy to deter- 
mine capacitances for each of the stages. 
21. The apparatus of claim 20 wherein each of the stages 
includes an elementary charge pump circuit. 
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ABSTRACT 



The electrical protection circuit disclosed comprises a 
latchup detection circuit, a threshold detector, an oscil- 
lator, a charge pmnp, a switching circuit, a voltage 
reference and detection circuit, and a signaling circuit 
The latchup detection circuit, the threshold detector, 
the oscillator, the charge pump, and the switching cir- 
cuit cooperate to provide latchup protection for the 
CMOS integrated circuit The switching circuit pro- 
vides integrated reverse current protection to the 
CMOS integrated circuit The voltage reference and 
detection circuit, the threshold detector, and the signal- 
ing circuit provides low voltage protection for the 
SRAM-based software-downloaded Field Programma- 
ble Gate Array of the CMOS integrated circuit 

12 Claims, 9 Drawing Sheets 
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1 2 

the interveiung protection circuit itself could be 

PROVIDING VARIOUS ELECTRICAL strained beyond their mMimum current ratings. 

PROTECTIONS TO A CMOS INTEGRATED Furthermore, for CMOS integrated circuits compris- 

CIRCUIT ing volatile SRAM-based software-downloaded Field 

5 Programmable Gate Array (FPGA), it will also be 

BACKGROUND OF THE INVENTION desirable if the low cost intervening protection circuit 

Y could also protect these SRAM-based FPGA jfrom 

1. Field ot the invennon ^ ^ . ^ , , . destructive reconfiguration as a result of low voltage. 
Thepresent mvention rek^ to the field of mtegrated ^ ^ ^^j^^ ^ ^^^^^^^ ^^^^ ^ 

cucuivmore specnficaUy, CMOS based mtegrated cir- ^^^^ apparatus for providing various electrical 

cults. The presem mvwition^^^ providrng vanous ^^^^^ to a CMOS integrated circuit that achieves 

electrical protectioi^ to a CMOS mtegrated circmt ^^^^^ ^^^^^^ desired results. 

2. Art Background 

It is a well known fact that, under certam conditions, SUMMARY OF THE INVENTION 

a parasitic pnpn junction would be created in a CMO^ ^5 ^ electrical protection circuit providing latchup, 

mtegrated circmt, resul^ m the ktchup aiul possibly ^^^^ protection to a CMOS 

destruction of the CMOS mte^ted circmt For certam in^grated circuit is disclosed. The electrical protection 

CMOS integrated circmts receivmg power supply from ^^^^ ^ particular application to protecting CMOS 

more tiian one source, i.e. power bemg supplied integrated circuits receiving power suppUes from a 

through the inputs as well as from tiie V^pms, one of ^ p^^^^ ^^^^ ^ p^^^^ so^^ B comprising a 

such conditions is the power bemg supphed m an im- number of drivers with high current deHvery capacity, 

proper sequence. Particular examples of such CMOS electrical protection circuit comprises a latchup 

integrated circmts are CMOS mtegrated orcmts m a detection circuit, a threshold detector, an oscillator, a 

processor module with their Vcc pins coupled to an charge pump, a switching circuit, a voltage reference 

in-circuit emulator (ICE), and their mputs coupled to an 25 and detection circuit, and a si^ialing circuit The 

ISA bus having a numb» of drivers with large current latchup detection circuit, the • threshold detector, the 

delivery edacity. oscillator, the charge pump, and the switching drcuit 

Traditionally, integrated circuit designers have often cooperate to provide latchup protection for the CMOS 

relied on the fact that typically the operating character- integrated circuit The switching circuit provides inte- 

istics of a CMOS integrated circuit are msufficient to 30 grated reverse current protection to the CMOS inte- 

surpass the high current threshold for triggering a grated circuit. The voltage reference and detection 

latchup. The potential problem is simply ignored. Other circuit, the threshold detector and the signaling circuit 

times when the operating characteristics of a CMOS provides low voltage protection for the SRAM-based 

integrated circuit are sufficient to surpass even the high FPGA of the CMOS integrated circuit 

current threshold and trigger a latchup, it is often left up 35 latchup detection circuit drives a RESET input 

to the user to ensure that the power is applied in proper the threshold detector high in the absence of a 

sequence. latchup condition, and pulls the RESET input low m 

Alternatively, a fuse or a polyfuse may be employed the presence of a latchup condition. A latchup condi- 
to protect the CMOS integrated circuit A polyftise is a tion exists, whenever any of the power supplies from 
self-closing circuit breaker. The use of a low cost one 40 power source B rises above a predetermined voltage 
time fuse has the disadvantage of having to have the (Vb), before the power supply from power source A 
fuse replaced, each time it is blown. Such a requirement rises above a predetermined voltage (V^). The RESET 
is often unacceptable, particularly in situations where input resets the threshold detector when it is driven 
the CMOS mtegrated circuits are used in a novice end low. The threshold detector gates the oscillator, it re- 
user j^lication, such as personal computer or con- 45 leases the oscillator's feedback path, allowing oscilla- 
sumerelectronics. Ontheotherhand, theuseofapoly- tion, when the RESET input is driven high, and 
fuse has the disadvantages of being more costiy, and grounds the oscillator's feedback path, preventing oscil- 
having to wait for it to recloses. lation, when the RESET input is driven low. The oscil- 

As a further alternative, an intervening protection lator, when allowed to oscillate, generates current 
circuitry may be provided to enforce the sequence in 50 pulses for the charge pump. The charge pump boosts 

which the power is to be applied. However, a practical the voltage, supplying the boosted voltage to the 

intervening protection drcuitry for a VLSI environ- switching circuit, thereby closing the switching circuit 

ment must be low in economic cost as weU as hardware The switching circuit is designed to quickly open, 

real estate cost. whenever the boosted voltage is withdrawn. As a re- 

On the other hand, it will be desirable if a low cost 55 suit, power from source A is provided to the CMOS 

intervening protection circuitry could nevertheless pro- integrated circuit whenever tiie power supply from 

vide protection against potential damages resulted from power source A rises above Va> before any of the 

reverse current being sourced from one of the power power supplies from power source B rises above the 

supply to another power supply being deenergired un* predetermined voltage V^, and deprived from the 
expectedly. An intervening protection circuit between 60 CMOS integrated circuit, whenever the converse is 

the deenergized power supply and the CMOS inte- true. 

grated circuits, in conjunction with the CMOS inte- The switchmg circuit comprises FET transistor 

grated circuits, may behave in such a manner, that al- switches. The FET transistor switches are connected in 

lows current to be sourced from the drivers of the still series at their sources, causing their parasitic zener di- 
energized power supply to the deenergized power sup- 65 odes to be connected in opposing fashion. Thus, at any 

ply. Since a deenergized power supply looks like a low particular point in time, one of the parasitic zener diodes 

impedance to ground, the drivers of the still energized will be reversed biased. As a result, current will be shut 

power supply, the CMOS integrated circuits, as well as off, whenever the FET transistor switches' gates are 
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groiaided. regardless whether theirs drains are «ier- DETAILED DESCRIPTION PRESENTLY 

gized. thereby preventmg current to be sourced from PREFERRED AND ALTERNATE 

power source B to power source A if power source A is EMBODIMENTS 

deenergized unexpected while power source B is still . . , . , . , , 

enerei^ 5 A electrical protection circuit providing latchup, 

,^ , . . ^ • « • j„ reverse current and low voltage protection to a CMOS 

The voltage rfe^^ detection orcmt provides ^^^^^ ^ disclosed The electrical protection 

voltagetopulltheTHRESmputofthethresholddetec- particular appUcation to CMOS integrated 

tor above its tngger range upon detcctmg a low voltage circuits receiving power supplies from a power source 

condition, and allow the THRES input to fall below the a, and a power source B comprising a number of driv- 

trigger range in the absence of the low voltage condi- ers with high current delivery capacity. In the follow- 
tion. A low voltage, condition exists when the voltage of ing description for purposes of explanation, specific 

power source A falls below Va^ Concuzrently, the volt- numbers, materials and configurations are set forth in 

age reference and detection circuit causes the base-emit- order to provide a thorough understanding of the pres- 

ter junction of a transistor in the latchup detection cir- 15 ent invention. However, it will be apparent to one 

cuit to be reverse biased upon detecting the low voltage skilled in the art that the present invention may be prac- 

condition. The latchup detection circuit grounds the ticed without the specific details. In other instances, 

TRIG and RESET inputs of the threshold detector, ^ ^^f""^ are shown in ^grammatical or 

whenever the base^^mitter junction of the particular Wo^k diagram form in order not to obscure the present 

^ . . , . J 1- 1 J J ^ * 20 mvention unnecessarily. 

transistor is reverse biased. The threshold detector, as a Referring now to FIG. 1, a block diagram iDustrating 
result of its RESET mput being grounded, grounds the 3^ embodiment of the present invention. Shown is a 
feedback path of the oscillator, preventmg oscillation, mechanical interface board 10 comprising the electrical 
thereby shutting off the charge pump, opening up the protection circuit of the present invention coupled to a 
switching circuit, and depriving the CMOS integrated 25 CMOS integrated circuit The electrical protection 
circuit of power from, power source A. Additionally, circuit in the mechanical interface board 10 receives 
the threshold detector, as a result of its THRES input power supplies from both sources of the CMOS.irite- 
being pulled above its trigger range, drives its OUT grated circuit 12. The CMOS integrated circuit 12 re- 
output low. In response to the OUT output of the ceives one of its power supply from one of the sources 
threshold detector going low, the signaling drcuit gen- ^0 (source A) indirectly through the electrical protection 
erates a number of signals indicating a low voltage ^cmtjn the mechanical mterface board 10, and from 
condition. the other source (source B) directly. 
T w J- • 1- v. ^ Power source A is intended to represent a broad 
In one embodiment, the signahng c^cuit generates categoryofmainpowersupply to the CMOS integrated 
two low voltage mdicatora^ one fo^^ 35 circuit, such as the ICE p^wer supply to CMOS inte- 
tion engme coupled to the SRAM-based FPGA of the g^^ted circuits of a processor module described in the 
CMOS integrated circuit, another one for an msolation earlier example. Power source B is intended to repre- 
gate coupled to the CMOS integrated circuit. Having sent a broad category of multiple secondary power 
been informed of the low voltage condition, the config- supplies, such as the various power being supplied from 
uration engine reloads the SRAM-based FPGA when 40 the drivers of an ISA bus coupled to the processor 
the fault is subsequently cleared. Upon notified of the module having large current ddivery capacity as de- 
low voltage condition, the isolation gate isolates the scribed in the earlier example. 

CMOS integrated circuit from other CMOS integrated While the present invention is being illustrated with 

circuits receiving power supply from power source B. electrical protection circuit disposed in the mechan- 

45 ical interface board 10 of the CMOS integrated circuit 

BRIEF DESCRIPTION OF THE DRAWINGS 12, based on the descriptions to foUow, it will be appre- 

The objects, features, and advantages of the present ^ mvea^on mayhtpT3Cti<^ with 

^ .„ . ^ - ?ii . J . 1 ^ electncal protection circmt disposed on other me- 

mvention will be apparent from the foUowmg detailed 

description of the presently preferred and alternate ^ Referring now to FIG. 2, a block diagram illustrating 
embodmumts of the mvention with references to the 3 component view of the electrical protection circuit of 
drawings in which: the present invention. The 1.5 electrical protection cir- 

FIG. 1 illustrates one embodiment of the present cult 14 comprises a latchup detection circuit 16, a volt- 
invention for providing various electrical protections to age reference and detection circuit 18, and a switching 
a CMOS integrated circuit having more than one power 55 circuit 28. Additionally, the electrical protection circuit 
supply. 14 comprises a threshold detector 20, an oscillator 22, a 

FIG. 2 illustrates a component view of the present charge pump 24, and a signaling circuit 26. The latchup 
invention. detection circuit 16, the threshold detector 20, the oscil- 

FIG. 3 illustrates the hitch up protection circuit of the ^2, the charge pump 24, and the switching circuit 

present invention ^ ^ cooperate to provide latch up protection for the 

FIG. 4 iDustrates the threshold detector of FIG. 2. Sd^'^^^S' 2^^^ 

TTry^ e -ti ..^^ -11 ^ r ^ vides mtegrated reverse current protection to the 

mO. 5 lUustmtes the o«nllator of FIG. 2. ^MOS integrated circuit The voltkge reference and 

FIG. 6 Illustrates the charge pump of FIG. 2. detection circuit 18, the threshold detector 20 and the 
no. 7 illustrates the switching circuit of FIG. 2. ^5 signaling circuit 26 provides low voltage protection for 

FIG. 8 illustrates the voltage reference and detection the SRAM-based FPGA of the CMOS mtegrated cir- 

circuit of FIG. 2. cuit The manner in which each of these electrical pro- 

FIG. 9 illustrates the signaling circuit of FIG. 2. tections is effectuated through these components will be 



5,392,186 

5 6 

described in turn, with additional periodic references to from power source B is above 1.0 volt before power 

the remaining figures, which iUustrate these compo- source A rises above 4.5 volts, 

nents in further detail. Similarly, the characteristics of CRIO and CRll are 

Still referring to FIG. 2, latch up protection will first designed to be such that when the collector of Q4 is 

be described. The latchup detection circuit 16 is used to 5 grounded, the anode of CRll will be below a predeter- 

driver a RESET input of the threshold detector 20 high mined voltage (VcR i ua), thereby causing the cathode 

in the absence of a latchup condition, and drives the to be below another predetermined <^oltage (VcRiuc), 

RESET input low in the presence of a latchup condi- the minimum trigger voltage necessary to close CRIO 

tion. A latchup condition exists, whenever any of the (VcRio^). For example, CRll may be designed such 

. power supplies from power source B rises above a pre- 10 that when the collector of Q4 is grounded, the anode of 

determined voltage (V^), before the power supply from CRll is below 0.5 volt, thereby causing the cathode of 

power source A rises above a predetermined voltage CRll to be below 0.1 volt, the mimmum trigger voltage 

(YaY The RESET input is used to reset the threshold necessary to close CRIO. 

detector20, when it is driven low. The threshold detec- When CRIO is open, its cathode is effectively 

tor 20 is used to gate the oscillator 22; it releases the 15 grounded through R15 and R7, thereby causing the 

feedback path of the oscillator 22, allowing oscillation, RESET pin of the threshold detector to be grounded, 

when its RESET input is driven high, and grounding driving the RESET input low. Even if Q3 is subse- 

ihe feedback path of the oscillator 22, preventing osdl- quently turned on, CRIO will remain open. Thus, the 

lation, when its RESET input is driven low. The oscil- RESET pm of the threshold detector remains 

lator 22, when allowed to oscillate, is used to generate 20 grounded, and the RESET input remains low. 

current pulses for the charge pump 24. The charge On the other hand, if all the power supplies from 

pump 24 is used to boost voltage, and supply the power source B are below then the collector of Q4 

boosted voltage to the switchiag circuit 28, thereby is open, allowing the anode of CRll to be electrically 

closing the switching circuit 28. The switching circuit connected to power source A through R8 and Q3. 

28 is designed to open quickly, when it is deprived of 25 Thus, when Q3 is turn on, the cathode of CRll will 

the boosted voltage, llius, power from source A is exceed Vcrii-g the minimum voltage necessary to 

provided to the CMOS integrated drcuit whenever the trigger and turn on CRIO Vcrio-G- Once CRIO is turn 

power supply from power source A rises above V^, on, the RESET pm is set, driving the RESET input to 

before any of the power supplies from power source B high. 

rises above the predetermined voltage V^, and deprived 30 Additionally, R6 is also used to pull down on the base 
from the CMOS integrated drcuit, whenever the con- of Q4 preventing the self-biasing of Q4 when there is no 
verse is true. other current path from power source B to ground. R5 
Referring now FIG. 3, a circuit diagram illustrating is used to provide a path to ground when no current is 
the elements of the latchup detection circuit in further sourced through CRll, preventing CRIO from trigger- 
detail is shown. The latchup detection circuit 16 com- 35 ing, since a voltage sufficiently high to trigger CRIO is 
prises a silicon controlled rectifier CRIO, a diode CRll, easily developed across R5 when sufficient current is 
a pnp transistor Q3, and a npn transistor Q4. The cath- present at the cathode of CRll. C13 is used as a noise 
ode of CRIO is coupled to a RESET pin of the thresh- suppressor which keeps electrostatic discharge events 
old detector and a TRIG pin of the threshold detector from triggering CRIO. CIS serves as a time delay, en- 
through a resistor R15, the gate of CRIO is coupled to 40 suring that after the RESET input of the threshold 
the cathode of CRll, and the anode of CRIO is coupled detector goes high (inactive), the TRIG input of the 
to the collector of Q3. The emitter of Q3 is coupled to threshold detector stays low (active). The function and 
power source A of the CMOS integrated circuit, and usage of the TRIG input of the threshold detector will 
the base of Q3 is coupled to the voltage reference. The be described later, when low voltage protection is de- 
coUector of Q4 is coupled to the connection of CRIO 45 scribed. 

and Q3 through a resistor R8, the emitter of Q4 is cou- Referring now to HG. 4, a circuit diagram illustrat- 

pled to ground, and the base of Q4 is coupled to the ing one embodiment of the threshold detector is shown, 

power sources of power source B of the CMOS inte- In this embodiment, the threshold detector 20 com- 

grated circuit The anode of CRll is coupled to the prises two comparators, 32 and 34, a sequential logic 36, 

connection between the collector of Q4 and the resistor 50 a FET transistor switch 38, and a number of resistors, 

R8. R32-R34. The threshold detector 20 receives a first and 

Additionally, the latchup detection circuit 16 com- a second input, RESET and TRIG, from the latchup 

prises a reastor R6 which connects the connection detection circuit, a third input THRES from the voltage 

between the power source B and the base of Q4 to reference and detection circuit, and power supply from 

ground, a resistor R5 and a capacitor C13 which paral- 55 power source A. In response, the threshold detector 20 

lellingly connects the connection between the cathode outputs a Gxst and a second output, OUT and DISCH. 

of CRll and the gate of CRIO to ground, a resistor R7 The RESET input drives the Rl input of the sequen- 

and a capacitor CIS which parallellingly connects the tial logic 36 directly. Rl is low when RESET is low. 

connection between the resistor R15 and the TRIG pin The THRES input and the voltage level of power 
to ground. «) source A drives the R input of the sequential logic 36 

The physical characteristics of R6, R8 and Q4 are through the first comparator 32. R is high when 
designed to complement the characteristics of power THRES is higher than a predetermined minimum volt- 
sources A and B, such that together they ground the age. Similarly, the TRIG mpxxt and the voltage level of 
collector of Q4 before Q3 can be turned on, if any power source A drives the S input of the sequential 
power supplied from power source B is above V^be- 65 logic 36 through the second comparator 34. S is high 
fore power source A rises above V^. For example, R6, when TRIG is lower than a predetermined minimum 
R8, and Q4 may be designed to ground the coDector of voltage. The output of the sequential logic 36 drives the 
Q4 before Q3 can be turned on, if any power supplied OUT output directly, and the DISCH output through 
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the FET traiisistor switch 38 in conjunction with the input to R17 drops from some voltage to ground. Since 
power si^)ply from power source A. The various output C9 is discharged, this additional path initially looks like 
states of the OUT and DISCH output are given in the a short to ground. This low resistance path is only tem- 
truth table in FIG. 4. porary, until C9 is charged up with the charge in the 

Referring now to FIG. 5, a circuit diagram illustrat- 5 collector-base junction of Q2, thereby sweeping the 
ing one embodiment of the oscillator is shown. In this charges out of the base-collector junction of Q2 
embodiment, the oscillator 22 comprises an internal quickly. 

timer 30, two capacitors Cll and Ci2, and two resistors The diode-capacitor matrix, CR1-CR7 and C2-C8, 
R13 and R14. The oscillator 22 receives the DISCH cooperate to produce a steady state voltage 4x of 
output from the threshold detector as input and power 10 Vccfor the switching circuit The manner in which the 
supply from power source A. In response, the oscillator diode-capacitor matrix cooperate to achieve the desired 
22 conditionally outputs current pulses to the charge boosted voltage is well known and will not be further 
pump. described here. While the charge pump has been illus- 

The internal timer 30 comprises six pins, pin 8 TRIG, trated with an embodiment that yield 4X Vco it will be 
pin 10 RESET, pin 11 CONT, pin 12 THRES, Pin 9 IS appreciated that the present invention may be practiced 
OUT, and pin 13 OISOH. Pin 10 RESET is coupled to with a charge pump having pump capacity that is 
power source A and to ground through R14, RIJ, and greater or ^oaller than the embodiment illustrated, 
C12. Pin 8 TRIG and pin 12 THRES are coupled to depending on the characteristics of the switching cir- 
power source A through R13 and R14, to pin 13 cuit The boosted voltage must be high enough to close 
DISCH through R 13, and to ground through C12. The 20 the switching circuit, and the charge pump current 
manner in which these elements cooperate to function capacity must be high enough to provide the voltage 
as an oscillator and generate current pulses is well required by the switching circuit 
known and will not be further described here. Referring now to FIG. 7, a circuit diagram illustrat- 

The oscillator 22 is allowed to oscillate, thereby ing one embodunent of the switching circuit is shown, 
sourdng current pulses to the charge pump, when the 25 In this embodiment, the switching circuit 28 comprises 
DISCH output of the threshold detector is high, releas- two resistors, R19 and R20, and two FET transistor 
ing the feedback path of the oscillator 22. The oscillator switches, Ql and Q5. The switching circuit receives the 
22 is prevented from oscillating, thereby depriving cur- boosted voltage from the capacitor-diode bucket bri- 
rent pulses to the charge pump, when the DISCH out- gade of the charge pump as input, and power supply 
put of the threshold detector is low, grounding the 30 from power source A. In response, the switching circuit 
feedback path of the oscillator 22. 28 closes, allowing the power supply from power 

The physical characteristics of these elements are source A to be provided to the CMOS integrated cir- 
designed to achieve an oscillating frequency that com- cuit 

plements the load to be placed on the charge pump. The Ql and Q5, are connected in series at their sources, 
internal timer 30 may be implemented with circuitry 35 thereby causing their zener diodes to be connected in 
similar to the threshold detector described earher or its opposing fashion. The drain of Q5 is coupled to power 
equivalent. Additionally, even though the oscillator 22 source A, whereas the drain of Ql is coupled to the 
is described as a 'timer-based" oscillator, it will be CMOS integrated circuit The gates of Ql and Q5 are 
appreciated that the present invention may be practiced coupled to last capacitor-diode bucket of the capacitor- 
with "non-timer based" oscillators. 40 diode bucket brigade of the charge pump. Additionally, 

Referring now to FIG. 6, a circuit diagram illustrat- the coxmection between the sources of Ql and Q5, and 
ing one embodiment of the charge pump is shown. In the connection between the gates of Ql and Q5 and the 
this embodiment, the charge pump 24 comprises a npn capacitor-diode bucket brigade, are grounded through 
transistor Q2 and a brigade of capacitor-diode buckets R19 and R20 respectively. 

CR1-CR7 and C2-C8. Additionally, the charge pump 45 Thus, when the pimiped up voltage is apphed to the 
comprises a speedup capacitor C9 and two resistors R17 gates of Ql and Q5 by the charge pump, Ql and Q5 
and R18. The charge pump receives current pulses as close, thereby allowing power to be supplied from 
input through the OUT output of the oscillator and power source A to the CMOS integrated circuit R 19 
power supply from power source A. In response, the serves as a source reference for the gates of Ql and Q5, 
charge pump boost the voltage and output the boosted 50 to guard against the unlikely event that the switch is 
voltage to the switching circuit preveinted from closing by a high voltage at the drain of 

The base of Q2 is coupled to the oscillator output Ql. On the other hand, when the pumped up voltage is 
through the speedup capacitor C9 or the resistor R 17, withdrawn from the gates of Ql and Q5 after the charge 
the emitter of Q2 is coupled to ground, and the collector pimip is shut off, Q 1 and Q5 open, thereby depriving 
of Q2 is coupled to power source A through the resistor 55 the CMOS integrated circuit of power supplied from 
R18 and the capacitor-diode bucket brigade, CR1-CR7 power source A. R20 serves at a gate leakage resistor, 
and C2-C8. The resistor R17 serves as a current Hmiter allowing the gates of Ql and Q5 to discharge quickly 
to the base of Q2, and the speedup capacitor C9 is used after the charge pump has shut off, therdiy quickly 
to improve the efficiency of the charge pump 24. In opening the switching circuit 28 and quickly depriving 
order for the charge pump to operate efficiently, the 60 power supply from power source A from the CMOS 
waveform entering it must transition all the way from integrated circuit. 

to ground. One way to ensure that is to get the The current capacity of the switching circuit 28 is 
fastest possible edges out of the collector of Q2. To do designed to complement the load presented by the 
so, the charges in the satiuated base-collector junction CMOS integrated circuit to be protected. The gate 
of Q2 must be swept out quickly, preventing a large 65 bleeder resistor R20 is designed to be large enough to 
delay between grounding the base and floating the col- prevent dropping the pumped up voltage, and yet small 
lector of Q2. The speedup capacitor C9 provides an enough to give a satisfactory quick turn-off time for the 
additional path from the base of Q2 to ground when the switching circuit. Additionally, it will be appreciated 
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that the zener diodes of the Q 1 and Q5 are not '*en* When the voltage of power source A goes below V^, 

abling" elements of the present invention, they are more CR9 becomes an open circuit The cathode of CR9 goes 

like "constramts" imposed by the present FET technol- to V^cthrough R9 and RIO. The THRES input of the 

ogy, that the present invention has to contend with. threshold detector is also pulled to Vccthrough the same 

Still referring to FIG. 7, reverse current protection 5 resistors, thereby pulling it above its trigger range. Con- 
will next be described. Since Ql and Q5 are connected currently, when CR9 becomes open, the base-emitter 
in series at their sources, causing their zener diodes to be junction of Q3 in the latchup detection circuit becomes 
connected in opposing fashion. At any particular point reverse biased. CIO keeps the THRES pin below the 
in time, one of the zener diodes will be reversed biased. trigger range Cmactive) while Vccis ramping up. When 
Thus, current will be shut off, whenever the gates of Q 10 V^settles below the trigger range of CR9 indicating a 
1 and Q5 are grounded, regardless whether the drain of lower power source A voltage condition, then CR9 will 
Q5 or Ql is energized. Thus, if power source A is deen- remain open, aUowing CIO to charge up to the trigger 
crgized unexpectedly, causing the gates ofQl and Q5 to range, resetting the threshold detector, keeping &e 
be grounded, the switching circuit will quickly open, switching circuit open. When Vcc settles above the trig- 
preventing current to be sourced from power source B, 15 ger range of (Vindicating a satisfactory power source 
through the CMOS integrated circuit and the electrical ^ voltage condition, then CR9 will close, preventing 
protection circuit of the present invention to power ^^^^^ changing up to the trigger voltege of the 
supply A. THRES mput allowmg TRIG to control the state of 

Referring back to FIG. 2, low voltage protection will ^^^^^ ^JJ^P"^- Since power source A 

next be described. The voltage reference and detection ^ ^PP^^ ^^^^e CIO as weU as Vccto the threshold 

circuit 18 is used to provide voltage to puU the THRES i?^^ ^^f^' ^f^^ f ^^'^^^ 

input of the threshold detector 20 above its trigger "^CuV T"" ^t^- ? 

raSge upondetecti^^ a low j^ltage condition,'^ SV^^SS^f S^^S 

allow theJHRES mput to faU below the tngger range J J^^.^ CR9 doses. 

m the absence of the low voltage condition. A low back to HGS 3-1, when the opening of 

voltage con Jtion existe when the voltage of power ^ ^^^^^^ ^^^^^J^ J^^^ 

source A Ms Wow V^. Ctonoirrentl^ voltage base-en^tter junction of Q3 of the latohup 

referaice and detection circmt 18 is ateo used to reverse ^^^^^^ ^^^^ ^ ^ ^^^^^ ^^^^^^^^ 

biased the base^er junction of Q3 m the latchup 3^ Q3 ^ through CRIO, R 15 and R7 of the 

detection circmt 18 upon detectmg the low voltage detection circuit 16. Thus, the RESET as weU 

condition The ktchup de^tion circuit 16 is also used ^RIG inputs of the threshold detector 20 also get 

to gromid the TRIG and RESET mputs of the thresh- grounded. As described earlier, the opening of CR9 in 
old detector 20, whenever the base-emitter junction of ^ voltage reference and detection circuit also causes 

Q3 is reverse biased. The threshold detector 20 is used 35 ^he THRES input to be pulled above its trigger range, 

to shutofT the oscillator 22 as a result of its TRIG and resuii, as illustrated by the truth table in FIG. 4, 

RESET inputs being grounded, thereby shutting off the qUT and DISCH outputs of the threshold 

charge pump 24, opening up the switching circuit 28, detector 20 are grounded. 

and depriving the CMOS integrated circuit of power Referring now to FIG. 9, a circuit diagram illustrat- 

from power source A. The threshold detector 20 is also 40 ing one embodiment of the signal generator is showa In 

used to allow current to be sourced to the signaling this embodiment, the signaling circuit 26 comprises a 

circuit 26 as a result of its THRES input being pulled diode CR8 and a resistor R16. The signal generating 

above the trigger range. The signaling circuit 26 is used circuit receives the OUT output of the threshold detec- 

to generate a number of signals indicating a low voltage tor as input, and power supply from power source A. In 

condition, thereby preventing erroneous reconfigura- 45 response, the signaling circuit 26 generates two signals, 

tion of SRAM-based FFGA on the CMOS integrated a and B. Signal A is provided to a configuration engine 

circuit coupled to the CMOS integrated circuit for configuring 

Referring now to FIG. 8, a circuit diagram illustrat- the SRAM-based FPGA of the CMOS integrated cir- 

ing the voltage reference and detection circuit in further cuit Having been notified of the low voltage condition, 

detail is shown. The voltage reference and detection 50 the configuration engine reloads the SRAM-based 
circuit 18 comprises a zener diode CR9, two pairs of FPGA when the feult condition is cleared. Signal B is 

resistors, R9 and RIO, and, Rll and R12, and a capad- provided to an isolation gate coupled to the CMOS 

tor CIO. The voltage reference and detection circuit 18 integrated drcuit for isolatmg the CMOS integrated 

receives power supply from power source A. In re- circuit from other CMOS integrated circuits receiving 

sponse, the yoltage reference and detection circuit 18 55 power supply from power source B only. Upon receipt 

allows power from power source A to be sourced to the of the notification, the isolation gate isolates the CMOS 

base of Q3 of the latohup detection circuit, and the integrated circuit 

THRES input of the threshold detector. The anode of CR8 is coupled to power source A 
The cathode of CR9 is coupled to power source A through R16, and the cathode is coupled to OUT of the 
through the resistor pair R9 and RIO, to the base of Q3 60 threshold detector. Additionally, the connection be- 
in the latohup detection circuit through RIO, and to the tween the anode of CR8 and R16, and the coxmection 
THRES input of the direshold detector. The anode of between the cathode of CR8 and the OUT output of the 
CR9 is coupled to ground, and the gate is coupled also threshold detector, are coupled to the configuration 
to power source A through Rll. Additionally, the con- engine and the isolation gate respectively. When the 
nection between the cathode of CR9 and the THRES 65 OUT output of the threshold detector is clamped to 
input is coupled to ground through CIO, and the con- ground, it is driven low and causes the signals A and B 
nection between the gate of CR9 and Rll is coupled to to be provided to the configuration engine and the isola- 
ground through R 12. tion gate respectively. 



While the signaling circuit is being described with an 
embodiment that generates two signals, it will be appre- 
ciated that the present invention may be practiced alter- 
native embodiments that generate more or less signals 
used for similar or different purposes. 5 

While the present invention has been described in 
terms of presently preferred and alternate embodiments, 
those skilled in the art will recognize that the invention 
is not limited to the embodiments described. The 
method and apparatus of the present invention can be 10 
practiced with modification and alteration within the 
spirit and scope of the appended claims. The description 
is thus to be regarded as illustrative instead of limiting 
on the present invention. 

What is claimed is: 15 

1. A circuit for protecting a CMOS integrated circuit 
from latching up as a result of improper application of 
power to said CMOS integrated circuit, said CMOS 
integrated circuit receiving power supplies from more 
than one power source, said circuit comprising: 20 

a) a latchup detection circuit coupled to said power 
sources of said CMOS integrated circuit for detect- 
ing certain predetermined power differential pat- 
tern between a first and the remainder of said 
power sources and sourcing a first output current 25 
in response; 

b) a threshold detector coupled to said latchup detec- 
tion circuit and said first power source for receiv- 
ing said first output current from said latchup de- 
tection circuit and power from said first power 30 
source, and sourcing a second output current in 
response; 

c) an oscillator coupled to said threshold detector and 
said first power source for receiving said second 
output current from said threshold detector and 35 
power from said first power source, and altemat- 
ingly sourcing a third and a fourth output current 

in response, 

d) a charge pump coupled to said oscillator and said 
first power source for receiving said third and 40 
fourth output current altematingly from said oscil- 
lator and power from said first power source, and 
providing a steady output voltage larger than said 
first power source' voltage; and 

e) a switching circmt coupled to said charge pump, 45 
said first power source, and said CMOS integrated 
circuit for receiving said steady output voltage 
from said charge pump and power from said first 
power source, and closing itself in response, allow- 
ing said power from said first power source to be 50 
provided to said CMOS integrated circuit. 

2. The circuit as set forth in claim 1, wherein, said 
predetermined power differential pattern is a pattern 
under which one of said remainder power sources rises 
above a first predetermined voltage before said first 55 
power source rises above a second predetermined volt- 
age. 

3. The circuit as set forth in claim 2, wherein, said 
latchup detection circuit comprises: 

a.1) a pnp transistor coupled to said first power 60 

source and ground; 
a.2) a npn transistor coupled to said pnp transistor, 

the remainder power sources, and ground; 
a.3) a diode coupled to said pnp and npn transistors; 

and 65 
a.4) a silicon controUed rectifier coupled to said pnp 

transistor, said diode, said threshold detector, and 

ground. 
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4. The circuit as set forth in claim 1, wherein, said 
threshold detector comprises: 

b.l) first comparator means coupled to a voltage 
detection and reference circuit and said first power 
source for comparing a THRJES input from said 
voltage detection and reference circuit to said first 
power source' voltage, and outputting a first com- 
parison output; 

b.2) second comparator means coupled to said 
latchup detection circuit and said first power 
source for comparing a TRIG input from said 
latchup detection and reference circuit to said first 
power source' voltage, and outputting a second 
comparison output; 

b.3) combinatorial logic means coupled to said 
latchup detection circuit, said first and second 
comparator means for receiving a RESET input 
from said latchup detection circuit, and said first 
and second comparison outputs from said first and 
second comparator means respectively, and out- 
putting a first threshold detector output and 

b. 4) transistor switch means coupled to said combina- 
torial logic means and said first power source for 
receiving said first threshold detector output from 
said combinatorial logic means and said power 
from said first power source, and outputting a sec- 
ond threshold detector output. 

5. The circuit as set forth in claim 1, wherein, said 
oscillator comprises 

C.1) a first capacitor coupled to said first power 

source, said threshold detector and ground; 
C.2) a second capacitor coupled to ground; and 

c. 3) an internal timer coupled to said first power 
source, said threshold detector, said first and sec- 
ond capacitors, and said charge pump. 

6. The circuit as set forth in claim 1, wherein, said 
charge pump comprises: 

d. l) a capacitor-resistor combination coupled to said 
oscillator; 

d.2) a npn transistor coupled to said capacitor-resistor 
combination, said first power source and ground; 
and 

d. 3) a capacitor-diode bucket brigade comprising a 
plurality of capacitor-diode buckets coupled to said 
npn transistor, said first power source, and said 
switching circuit. 

7. The circuit as set forth in claim 1, wherein, said 
switching circuit comprises: 

e. 1) a first transistor switch comprising a first zener 
diode coupled to said power source, said charge 
pump; and 

e.2) a second transistor switch comprising a second 
zener diode coupled to said first transistor switch, 
said first power source and said CMOS integrated 
circuit. 

8. The circuit as set forth in claim 7, wherein, 

said circuit further provides reverse current protec- 
tion for said CMOS integrated circuit; 

said first and second transistor switches are coupled 
to each other serially at their sources with tiieir 
zener diodes opposing each other, and coupled to 
said charge pump at their gates. 

9. The circuit as set forth in claim 1, wherein, 

said circuit further provides low voltage protection 
to said CMOS integrated dbrcuif s SRAM-based 
FPGA; 

said circuit further comprises a voltage reference and 
detection circuit coupled to said first power source. 
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said latchup detection circuit, and said threshold 
detector, for detecting a predetermined voltage 
drop pattern of said first power source, and sourc- 
ing a fifth output current to said threshold detector 
in response, said voltage reference and detection S 
circuit also opening said latchup detection circuit 
in response; 

said latchup detection circuit cuts off said first output 
current and a seventh output ciirrent to said thr^- 
old detector in response 10 

said threshold detector cuts off said second output 
current to said oscillator and drives low an output 
signal in response; 

said oscillator cuts off said third and fourth output 
current to said charge pump in response; 15 

said charge pump cuts ofT said steady output voltage 
to said switching circuit in response; 

said switching drcuit opens itself in response, depriv- 
mg said CMOS integrated drcuit of said power 
from said first power source; 20 

said circuit further comprises a signaling circuit cou- 
pled to said threshold detector and said CMOS 
mtegrated circuit for receiving said low output 
signal and outputting a plurality of low voltage 
indicator signals. 25 

10. The circuit as set forth in claim 9, wherein, said 
voltage reference and detection circuit comprises a 
zener diode coupled to said first power source, said 
threshold detector, and ground. 

11. The circuit as set forth in claim 9, wherein, 30 
said low voltage indicator signals comprise a first and 

a second signal, said first signal being provided to a 
configuration engine coupled to said CMOS inte- 
grated circuit for configuring SRAM-based soft- 
ware-downloaded Field Programmable Gate 35 
Array OFPGA) of said CMOS integrated circuit. 



said second signal being provided to an isolation 
gate coupled to said CMOS integrated circuit for 
isolating said CMOS integrated circuit from other 
CMOS integrated circuits receivmg power supply 
from the remaining power sources; 

said signaling circuit comprises a diode coupled to 
said first power source, said threshold detector, 
said configuration engine and said isolation gate. 

12. A circuit comprising: 

a) state indicating means coupled to a first and a sec- 
ond power source comprising a silicon controlled 
rectifier for indicating one of two states, said state 
indicating means having the following state transi- 
tion rules: 

a.1) if said state indicating means is in a first state 
and said second power source is on, said state 
indicating means stays in said first state; 

a.2) if said state indicating means is in said first 
state, said second power source is off, and said 
first power source is on, said state indicating 
means goes into a second state; 

a.3) if said state indicating means is in said second 
state and said first power source is on, said state 
indicating means stays in said second state; 

a.4) if said state indicating means is in said second 
state and said first power source is off, said state 
indicating means goes into said first state; and 

b) enabling means coupled to said state indicating 
means, said first power source, and a CMOS inte- 
grated circuit for sourcing power from said first 
power source to said CMOS integrated circuit 
when said state indicating means is in said second 
state, and depriving power from said first power 
source to said CMOS integrated circuit when said 
state indicating means is in said first state. 
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[57] ABSTRACT 

An integrated circuit which provides an arrangement by 
which the source of voltage for erasing the flash EEPROM 
memory array is detected and, if the source is a charge pump, 
the current provided is held to a constant lower value while, 
if the source is an external high voltage source, then the 
current is allowed to flow freely without regulation except 
by the size of a field effect transistor device in the path from 
the source of voltage to the memory array. In this manner, 
the circuitry is adapted to function with cither internal or 
external power sources without paying a perfonnance pen- 
alty for either type of operation. 

4 Claims, 6 Drawing Sheets 
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METHOD AND APPARATUS FOR 
CONTROLUNG THE OUTPUT CURRENT 
PROVmED BY A CHARGE PUMP CIRCUIT 

This is a divisional of application Ser. No. 08/119.425, S 
filed Sep. 10, 1993. 

BACKGROUND OF THE INVENTION 

1. Held Of TTie Invention 

This invention relates to computer systems and, more 
particularly, to methods and apparatus for controlling the 
output current produced by charge pumps used for erasing 
flash electrically-erasable programmable read only memory 
(flash EEPROM) arrays. 15 

2. History Of The Prior Art 

There has been a recent trend toward lowering the power 
requirements of portable computers. In order to reduce 
power consumption, nmch of the integrated drcuitiy used in 
personal computers is being redesigned to run at lower ^ 
voltage levels. The circuitry and components used in por- 
table computers are being designed to operate at voltage 
levels such as five volts and 3.3 volts. This helps a great deal 
to reduce the power needs of such computers. 

Unfortunately, some features desired in portable compul* ^ 
ers require higher voltages. Recently, flash electrically- 
erasable progranmiable read o only memory (flash 
EEPROM memory) has been used to store basic input/ 
output startup (BIOS) processes for personal computers. 
This flash EE^OM memory may be erased and repro- 
grammed without being removed from the computer by 
running a small update program when the BIOS processes 
are changed. However, erasing and reprogramming flash 
EEPROM memory requires approximately twelve volts to 
accomplish efifectively, a voltage not available from the 
lower voltage batteries provided in personal computers. 

In other electronic arrangements, charge pump, circuits 
have been used to provide a high voltage from a lower 
voltage source. However, even though charge pumps have 
long been available which are capable of provii^ng the 
voltages necessary for programming, and erasing flash 
EEPROM memory arrays, no arrangement had been devised 
until recently for utilizing charge pumps integrated with 
flash EEPROM memory anays to provide the voltages 
needed to accomplish erasing and programming of the flash 
EEPROM memory arrays using those positive source erase 
techniques which are used when twelve volts is available 
from an external source. 

The primary reason for the failure is the universal per- 50 
ception that insufBcient current can be generated using 
charge pumps to accomplish the erase process. The positive 
source method of erasing flash EEPROM memories draws a 
very substantial amount of current. However, recently it was 
discovered that using specially designed charge pumps 55 
sufficient current could be generated to accomplish positive 
source erase of flash EEPROM memory arrays. A charge 
pump arrangement for accomplishing positive source erase 
is disclosed in detail in U.S. patent application Ser. No. 
08/119.719, now U.S. Pat No. 5,414,669 entitled Method 
And Apparatus For Programming And Erasing Flash 
EEPROM Memory. Arrays Utilizing A. Charge Pump Or- 
cuit, K. Tedrow et al, filed on even date herewith, and 
assigned to the assignee of the present invention. 

One of the problems encountered in providing charge 65 
pumps for generating source voltages for flash EEPROM 
memory arrays occurs because some manufactures desire to 



utilize the flash EEPROM arrays in circuitry for which an 
external power supply is available. This means that the 
memory array circuitry for providing the source voltage 
must be capable of utilizing power provided either by its 
internal charge pumps or by am external source, lypically 
the current available from an external power source is more 
than sufficient to erase the memory cells of the array during' 
an erase operation. When provided by an external powo* 
source, the amount of current actually available is such that 
the memory cells are typically moved into a soft breakdown 
region in which current is dissipated through the source- 
substrate diode. The current transferred through the source- 
substrate diode junction is wasted. 

However, the current available from the charge pumps is 
less abundant. There is insufficient current available horn 
charge pumps to erase the memory cells in a time period 
which is competitive with other forms of memory. For this 
reason, in order to assure that sufficient current to erase and 
program the array, it is necessary to assure that current is 
appropriately utilized so that the dissipation of large 
amounts of current through the source/substrate diode junc- 
.tion does not occur. 

SUMMARY OF THE INVENTION 

It is, therefore, an object of the present invention to 
provide an arrangement for conu-olling the current provided 
by a charge pump to a flash EEPROM memory array during 
erasing of the memory cells without loss of erase perfor- 
mance. 

It is another object of the present invention to provide an 
arrangement for providing current limiting of die current 
when provided by a charge pump and for eliminating current 
limiting of the current when provided by an external source 
of high voltage for erasing flash EEPROM memory arrays. 

These and other objects of the present invention are 
realized in an integrated circuit arrangement which provides 
an arrangement by which the source of voltage for erasing 
the flash EEPROM memory array is detected and, if the 
source is a charge pump, the current provided is hdd to a 
constant lower value while, if the source is an external high 
voltage source, then the current is allowed to flow freely 
without regulation. In this marmer, the drcuitiy is adapted to 
function with either internal or external power sources 
without paying a performance penalty for either type of 
operation. 

These and other objects and features of the invention will 
be better understood by reference to the detailed description 
which follows taken together with the drawings in which 
like elements are referred to by like designations throughout 
the several views. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram illustrating a computer system 
which may utilize the present invention. 

FIG. 2 is a block diagram of a circuit for providing 
programming and erase voltages for flash EEPROM 
memory arrays firom charge pumps. 

FIG. 3 is a block diagram of a multiplexing arrangement 
for utilizing both pump current and external current for 
erasing flash EEPROM memory arrays. 

FIG. 4 is a block diagram of a charge pump which may be 
used in the circuit of FIG. 2 to provide voltages and currents 
sufiicient for positive source erase techniques. 

FIG. 5 is a diagram of a first circuit in accordance with the 
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present invention for controlling the output current of a 
charge pump such as that illustrated in FIG. 4. 

FIG. 6 is a block diagram of a second circuit in accor- 
dance with the present invention for controlling the output 
cuiient of a chaoge pump such as that illustrated in FIG. 4. ^ 

FIG. 7 is a fiow chart illustrating a method of practicing 
the present invention. 
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Some portions of the detailed descriptions which follow 
are presented in terms of symbolic representations of opera- 
tions on data bits within a computer memory. These descrip- 
tions and rqiresentations are the means used by those skilled 
in the data processing arts to most efifectively convey the is 
substance of their work to others skilled in the art. The 
operations are those requiring physical manipulations of 
physical quantities. Usually, thou^ not necessarily, these 
quantities take the form of electrical or magnetic signals 
capable of being store4 transferred, combined, compared, 20 
and otherwise manipulated. It has proven , convenient at 
times, principally for reasons of common usage, to refer to 
these signals as bits, values, elements, symbols, characters, 
terms, numbers, or the like. It should be home in mind, 
however, that all of these and siinilar terms are to be 2S 
associated with the appropriate physical quantities and are 
merely convenient labels applied to these quantities. 

Further, the manipulations performed are often referred to 
in terms, such as adding or comparing, which are conmionly 
associated with mental operations performed by a human 
operator. No such capability of a human operator is neces- 
sary or desirable in most cases in any of the operations 
described herein which form part of the prcsrait invention; 
the operations are machine operations. Useful machines for 
performing the operations of the present invention include 
general purpose digital computers or other similar devices. 
In all cases the distinction between the method operations in 
operating a computer and the method of computation itself 
should be borne in mind. The present invention relates to 
apparatus and to a method for operating a computer in ^ 
processing electrical or other (e.g. mechanical, chemical) 
physical signals to generate other desired physical signals. 
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Referring now to FIG. 1, there is illustrated a computer 
system 10. The system 10 mcludes a central processor 11 
which carries out the various instructions provided to die 
computer 10 for its operations. The central processor 11 is 
jomed to a bus 12 adapted to cany information to various 50 
components of the system 10. Joined to the bus 12 is main 
memory 13 which is typically constructed of dynamic 
random access memory arranged in a manner well known to 
those skilled in the prior art to store information during a 
period in which power is provided to the system 10. Also 55 
joined to the bus 12 is read only memory 14 which may 
include various memory devices well known to those skilled 
in the art each of which is adapted to retain a particular 
memory condidon in the absence of power to the system 10. 
The read only memory 14 typically stores various basic 60 
funcdons used by the processor U such as basic input/dutput 
processes and startup processes typically referred to as BIOS 
processes. Such memory 14 may be constructed of flash 
EEPROM memory cells adapted to be modified as various 
ones of the BIOS processes used by a particular computer 65 
are changed. If the memory 14 is constructed of flash 
EEPROM memory cells, it may be modified by running an 



update process on the computer itself 10 reprogram the 
values stored in the memory 14. lypically, such flash 
EEPROM memory will include circuitry for programming 
and erasing the memory array. 

Also connected to the bus 12 are various peripheral 
components such as long term memory 16 and circuitry such 
as a frame buffer 17 to which data may be written which is 
to be transferred to an output device such as a monitor 18 for 
display. The construction and operation of long term 
memory 16 (typically electro-mechanical hard disk drives) 
is well known to those skilled in the art. However, rather 
than the typical electromechanical hard disk drive, a flash 
EEPROM mcmojy array may be used as the long term 
memory 16. Such flash EEPROM memory arrays are pro- 
grammed and erased through techniques which utilize volt- 
ages greater than those typically available to the integrated 
circuits of more advanced portable computers. Such flash 
EEPROM memory arrays typically include circuitry for 
programming and erasing the memory array. Consequently, 
in accordance with the present invention, such long term 
memory arrays as well as memory 14 may provide circuitry 
for generating high voltages from the lower voltages avail- 
able from the batteries typically utilized with such comput- 
ers. 

A flash EEPROM memory array is made up of memory 
cells which include floating gate field effect transistor 
devices. Such memory u^sistors may be programmed to 
change the charge stored on the floating gate, and the 
condition of the transistors (programmed or erased) may be 
detected by interrogating the cells. The conventional method 
of erasing an array of flash EEPROM memory cells (called 
positive source erase) erases all of the cells together (or at 
least some large block thereof). Typically, this requires the 
application of twelve volts to the source terminals of all of 
the memory cells, the grounding of the gate terminals, and 
the floating of the drain terminals. The programming of 
memory ceils is typically accomplished a word at a time but 
conventionally requires that the drain of selected cells be 
placed at six or seven volts, the gate at eleven or twelve 
volts, and that the source be grounded. 

Although it has been typical to provide charge pumps to 
generate higher voltages when only lower voltages arc 
available, charge pumps which are associated internally with 
flash EEPROM' memory arrays have not been used for 
erasing and programming flash EEPROM memory arrays 
using conventional positive source erase tedmiques. 
Although such charge pumps are able to raise the voltage to 
an appropriate level, prior art charge pumps were not felt to 
provide sufficient current to effectively erase and program 
flash EEPROM memory when erased in the conventional 
positive source manner. 

A N type flash EEPROM memory cell has a source region 
which is an N doped region surrounded by a P doped 
substrate. The P doped substrate is grounded so that a diode 
junction is formed between the source and the substrate. 
When twelve volts is placed at the source terminal in the 
normal positive source erase process where current is fur- 
nished from an external source, the diode junction between 
the source and substrate is biased into U^e soft breakdown 
region so that substantial source current flows. Initially this 
breakdown current is very large, and it may in fact be 
destructive. Because of this substantial source current when 
the erase process is conducted using positive source erase 
with an external power source, the source of the erase 
voltage must be able to furnish a substantial amount of 
current when erase was accomplished in this conventional 
manner. It was not believed by those skilled in the art that 
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a sufiScient amount of cunent could be faunished by a chaige 
pump. 

FIG. 2 is a block diagram which illustrates an integrated 
circuit 20 including a flash EEPROM memory array 26 and 
circuitry for programming and erasing the flash ^PROM 
memory array 26 utilizing positive source erase tedmiques 
and charge pump drcuitry. This circuit 20 includes a source 
of voltage 21 such as a low powered batten capable of 
furnishing five volts. Voltage from the source 21 is provided 
to a pair of charge pump circuits 22 and 23. The charge 
pump circuit 22 is devised to provide a punq)ed output 
voltage of £^ioximately twelve volts while the chiufge 
pump circuit 23 is devised to produce a pumped output 
voltage of approximately nine volts. 

Voltage from the charge pump 22 is flimished to a set of 
wordline switches and decoders 24 which, in a manner well 
known to those skilled in the art, provide voltages at the gate 
terminals of flash EEPROM memory transistor devices 28 
(only one transistor device 28 is illustrated in FIG. 2). 
Voltage from the pump 22 is also furnished to a set of source 
switches and decoders 25 which, in a manner well known to 
those skilled in the art, provide voltages at the source 
terminals of flash EEPROM memory transistor devices 28. 
The voltage fiimished by the pump 23 is furnished to a set 
of bitHne switches and decoders 27 which, in a manner well 
known to those skilled in the art, provide voltages at the 
drain terminals of flash EEPROM memory transistor devices 
28. Each of the sets of switches and decoders 24, 25, and 27 
is controlled by signals from a control circuit 29 to provide 
appropriate voltages at erase and progranmung to accom- 
plish those results. In one embodiment, the control circuit 29 
is a microprocessor designed to provide control of all of the 
operations of the memory array 26 including reading, pro- 
gramming, and erasing among other things. Hie use of such 
a control circuit is described in U.S. patent application Ser. 
No. 08/086,186, entitled Flash Memory Array System and 
Method, M. Fandrich et al, filed Jun. 30, 1993, and assigned 
to the assignee of the present invention. 

At the lower right comer of FIG. 2 is shown a table which 
includes the voltages which are typically applied to the 
various terminals of the memory cells during the program 
and erase operations using positive source erase techniques. 
As may be seen, the erasing of the memory device 28 
requires that a positive twelve volts be applied to the source 
terminal of the device 28, ground be applied to the gate 
terminal, and the drain be floated. 

A new voltage pump circuit has been devised which is 
capable of providing the high voltages and currents which 
are required to program and erase flash EEPROM memory 
arrays. U.S. patent application Ser. No. 08/119,427, endtled 
Method and Apparatus for A Bootstrap Voltage Pump, K. 
Tedrow et al, filed on even date herewith, and assigned to the 
assignee of the present invention. Such a voltage pump 
circuit is described in detail hereinafter. 

Although the circuit of FIG. 2 allows the use of internal 
charge pumps to generate voltages for programming and 
erasing a flash EEPROM memory array, it does not allow the 
use of an external source of power. FIG. 3 is a block diagram 
illustrating a circuit arrangonenl 30 designed in accordance 
with the present invention which allows switching between 
an external source and internal charge pumps in order to 
provide source voltage to operate a flash EEPROM memoiy 
array. The arrangement 30 includes a terminal 31 which 
receives voltage from a source of external voltage. The 
source of voltage cormected to the terminal 31 may be dther 
a twelve volt source capable of furnishing whatever current 
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is necessa.ry for programming and erasing a flash EEPROM 
memoiy amy. Alternatively, the source of voltage con- 
nected to the terminal 31 may be a source of a lower voltage 
such as five volts which must be used to generate a higher 
voltage within the circuit arrangement 30. The arrangement 
30 also includes a voltage pump circuit 32 designed in 
accordance with the principles described in the copending 
patent application to generate frt)m an external voltage of 
five volts an internal voltage of approximately twelve volts 
with a current sufficient to erase and program flash 
EEPROM memory arrays. 

Either of the voltages available at the terminal 31 or the 
voltage pump circuit 32 may be provided to an output 
terminal designated Vppl (internal high voltage) in the 
figure depending on the availability of the external high 
voltage source at the terminal 31. If the high voltage external 
source is available to the computer (or other) system at the 
terminal 31, then a first switch 34 is closed to connect the 
source at the terminal 31 to the output terminal Vppl. 
Simultaneously, a pair of switches 35 and 36 are each 
opened to disconnect the voltage pump circuit 32 from the 
output terminal Vppl. If the source of high voltage is not 
available, then the switch 34 is opened while the switches 35 
and 36 are closed to connect the voltage pump circuit 32 to 
the output terminal Vppl and to the input terminal 31 at 
which die lower voltage is available. 

In order to test the presence of the high voltage al the 
terminal 31, a test circuit 37 is provided. The circuit 37 is a 
voltage level detector which monitors the value of the 
voltage available at the terminal 31 and conUx)ls the closure 
of the switches 34, 35 and 36 which connect the different 
sources to the output terminal Vppl. The circuit 37 may be 
designed in a manner well known to those skilled in the ait 
to produce a voltage level detector. For example, one circuit 
which may be utilized for this purpose is described in detail 
in U.S. patent application Ser. No. 08/003,618, entitled 
Circuitry For Power Supply Voltage Detection and System 
Lockout For a Nonvolatile Memory, M. Landgraf, filed Jan. 
13, 1993, and assigned to the assignee of the present 
invention. If the voltage is at the high level, then the circuit 
37 causes a controller circuit 38 to operate the switches in 
the manner discussed in order to provide the correct voltage 
from the terminal 31 at the output terminal Vppl. If on the 
other hand, the voltage at the terminal 21 is the lower level 
(e.g., five volts), then the circuit 37 provides signals to cause 
the controller 38 to operate the switches 34, 35, and 36 to 
connect the output of the voltage pump source 32 to the 
output terminal Vppl. 

If the controller circuit 38 is an integrated microprocessor 
as described in the copending application Flash Memory 
Array And Method, it may be programmed to respond to 
particular control signals to provide signals to close particu- 
lar switching devices such as the switches 34, 35, and 36 
used in the circuit arrangement 31. It should be noted that it 
is not necessary to include a device as powerful as the 
microprocessor of the preferred embodiment in order to 
response to a signal firom the circuit 37 and operate the 
switches 34, 35, and 36 in the manner described above; any 
number of other controlling circuits will occur to those 
skilled in the art to accomplish this purpose. 

FIG. 4 illustrates a bootstrap pump arrangement 40 as 
described in the aforementioned copending patent applica- 
tion which may be utilized to provide the high voltages and 
currents required for erasing and programming flash 
EEPROM memory arrays in accordance with this invention. 
As is shown in FIG. 4, the pump 40 includes a number of 
stages of N type field effect transistor devices 41. 42, 43, and 
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44 each having drain and source tenninals connected in 
series between a source of voltage Vcc and an output 
temiinal Vout Input clock signals are furnished to the circuit 
40 from a source of clock signals 49 via capacitors 46, 51, 
and 48. A second set of input clock signals are furnished 
from a source of clock signals 45 by capacitors 50, 47, and 
52. Each stage of the circuit 40 includes an N channel field 
effect transistor device 53, 54, or 55 providing a path 
between source and drain terminals to the gate terminal of 
the associated device 41, 42, or 43 of that stage. 

The two phases of input clock pulses (phase 1 and phase 
2) produced by the sources 45 and 49 are applied in a unique 
manner in order to allow the operation of the circuit 40 to 
produce the desired output voltages and cunents. 

The details of the construction and operation of the charge 
pump circuit iUustrated in FIG. 4 are provided in the 
copending patent ^plication referred to above ^titled 
Method and Apparatus for A Bootstrap Voltage Pump. The 
essence of the operation of the charge pump is as follows. 
When the phase 1 clock goes high, the device 41 turns on; 
and current provided by the source Vcc charges the capacitor 
46. When the phase 1 pulse goes low the device 41 switches 
off. Then the phase 2 clock pulse turns on the device 42; and 
the capacitor 46 provides stored charge and charge due to the 
phase 2 pulse to the capacitor 47. The device 42 switches off 
when the phase 2 pulse goes low. When the phase 1 pulse 
again goes high, the source Vcc again charges the capacitor 
46. Simultaneously, the device 43 goes on and the capacitor 
47 provides stored charge as well as the pulse from the phase 

1 clock to charge a capacitor 48. When the phase 1 clock 
goes low, the device 43 turns off. 

Ultimately, the charging of the capacitor 48 and the 
positive swing of the phase 2 clock pulse raise the voltage 
level on the capacitor 48 sufficiently above the level Vout to 
cause the conduction of the switching device 44. When the 
phase 2 clock goes high, the output device 44 turns on and 
furnishes a pumped voltage at Vout A major advantage of 
the charge pump circuit illustrated is that in operation none 
of the stages except the last stage operates in a range in 
which it exhibits a Vt drop. Thus, the charge pump provides 
almost twice the current to the output terminal as do prior art 
charge pump circuits. 

Thus, the charge pump provides the desired output volt- 
age while fiimishing a high level of current necessary to 
erase and program flash EEPROM memory arrays. The three 
stage pump circuit 40 illustrated in FIG. 4 fiirnishes approxi- 
mately N (where N is the number of stages) plus one times 
the voltage of the source Vcc at the output terminal less the 
Vt drop of the device 44. For example, with Vcc equal to 4.4 
volts, an output voltage of 17.1 volts is furnished at the 
output of the pump circuit 40. Thus, as may be seen, the 
arrangement of FIG. 4 provides a reliable charge pump 
circuit capable of producing high levels of current 

It should be noted that the smaller charge pump 23 of FIG. 

2 required to fiimish the voltage used at the drain terminals 
of the flash EEPROM memory cells during programming of 
the array may be provided by charge pumps similar to the 
pump described in FIG. 4 with the exception that fewer 
stages are used. For example, a charge pump having only 
two stages is enable of providing a 9.S volt output which 
may be used at the drain terminals of the memory cells 
during programming. Because the charge pimip circuits 
described do not provide an overabundance of current for 
programming and erasing the memory array, an arrangement 6S 
has been devised in accordance with the present invention. 
FIG. 5 illustrates a first circuit by which current provided by 
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a charge pump such as that illustrated in FIG. 4 may be 
limited to a constant lower value while current provided by 
an external source which may furnish essentially unlimited 
amounts of current is not limited. By this arrangement the 
peak current transferred by the source/substrate diode is kept 
to a much lower value when current is furnished by a charge 
pump than when currcnt is furnished by an external power 
source. The circuit of FIG. 5 includes a first P type field 
effect transistor device 61 having its source termina] con- 
nected to the source of the voltage Vpp to be applied to the 
source terminals of the memory cells of the array. The gate 
of the device 61 is connected to receive an input control 
signal which may be furnished by the voltage detector 
circuit 37 illustrated in FIG. 3 which detects whether the 
array is receiving voltage from an external source or pump- 
ing voltage for erasing the array. The drain terminal of the 
device 61 is joined to the source tenninal of a second P type 
field effect transistor device 62. The device 62 has its gate 
and drain tenninals connected together and to a large (e.g., 
one-half megohms) resistor 64. The resistor 64 is in turn 
connected to ground. The gate terminal of a third P type field 
effect transistor device 63 is joined to the gate and drain of 
the device 62 while the source tenninal of the device 63 is 
connected to the source which supplies the erase voltage 
Vpp to the source terminals of the flash EEPROM memory 
cells. The drain of the device 63 is then joined lo the array 
to allow the voltage Vpp to be applied to the source 
terminals of the flash EEPROM memory cells during erase. 

FIG. 7 is a flow chart which describes a method of 
operation of the invention shown in FIG. 5. In the circuit of 
FIG. 5, when ground (a zero valued signal) is furnished from 
the detector circuit 37 to signify that an external power 
supply of five volts is being furnished and is pumped to 
provide the voltage Vpp, the device 6 1 switches on and 
applies a voltage of Vpp at the source terminal of the device 
62. The device 62 has its drain and gate terminals connected 
to ground through the resistor 64. Consequently, the device 
62 turns on and operates in its saturation region causing 
cunent to flow from the source Vpp through the device 61, 
the device 62, and the resistor 64 to ground. Since the 
resistor 64 is a large value, it controls the current through the 
device 62 to be a constant limited value. The voltage at the 
gate and drain of the P device 62 is ^lied at the gate of the 
P device 63 turning on the device 63 and mirroring the 
current through the device 62. This cunent is furnished to 
the source terminals of the flash cells being erased. This 
current is limited by choice of device size and the resistance 
value to a value such that the flash cells receive sufficient 
current to erase without receiving a peak cunent capable of 
pushing the cells so far into the soft breakdown region that 
there is insufficient switching current to accomplish the 
positive source erase. 

When a one valued signal is furnished from the detector 
circuit 37 to signify that an external power supply of twelve 
volts is being furnished to provide the voltage Vpp, the 
device 61 turns off. Consequently, no current flows through 
the device 62, and the gate terminal of the device 63 is held 
at ground through the resistor 64. This places the device 63 
in an operating region in which all of the cairent available 
from the external source of the voltage Vpp may be fur- 
nished to the flash EEPROM memory cells and they may be 
erased in the conventional manner by u^sition into the soft 
breakdown region. In this case, the amount of cunent which 
may be transferred is limited by the sizing of the P device 63. 

FIG. 6 illustrates a second circuit which performs the 
same function of allowing all of the current provided by an 
externai source to be transferred to the source terminals of 
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a flash EEPROM memory array while limiting the current 
available from an internal chaise pump like that described 
above to a lesser and constant value. The circuit of FIG. 6 
includes a first P type field effect transistor device 66 having 
its source tenninal cozmected to the source of the voltage 5 
Vpp to be applied to the source tenninals of the memory 
cells of the array. The device 66 has its gate and drain 
terminals connected to the source tenninal of a second P 
type field effect transistor device 67 and to the drain of an N 
type field effect transistor device 65. The N device 65 has its 
source terminal connected to ground through a large resistor 
69. The gate of the N device 65 is connected to receive a 
reference voltage which remains constant throughout opera- 
tion of the circuit of FIG. 6. The gate of the device 67 is 
connected to receive the input control signal which may be 
at a zero or a twelve volt level and may be furnished by the 
voltage detector circuit 37 illustrated in FIG. 3 which detects 
whether the array is receiving voltage from an external 
source or pumping voltage for erasing the array. The drain 
terminal of the device 67 is joined to the gate terminal of a 
third P type field effect transistor device 68. The device 68 ^ 
has its source and drain tenninals connected in series in a 
path between the source of the voltage Vpp and the source 
terminals of the array. 

Also connected to receive the control signals provided by 25 
the voltage detector circuit 37 which detects whether the 
array is receiving voltage from an external source or pump- 
ing voltage for erasing the array is a N type field effect 
transistor device 70. The device 70 receives the control 
signals at its gate tenninal while its source tenniiial is 
connected to ground and its drain terminal to the gate 
terminal of the device 68. 

In operation (which is illustrated in the flow chart of FIG. 
7). the detector provides a zero valued signal when the 
source voltage Vpp is provided by the internal charge 35 
pumps. This value is applied to the gate of the N device 70 
and the gate of the P device 67. Hie zero value disables the 
N device 70. The device 66 is so biased that it tums on and 
conducts in the saturated range. This provides a voltage 
value at the drain of the device 67 which is somewhat less 40 
than the voltage Vpp. Since the N device 65 has a constant 
reference voltage at its gate terminal, it is on constantly and 
transfers a current controlled by the resistor 69. The large 
value of the resistor 69 controls the current through the 
device 66 to remain constant. 45 

Hie voltage Vpp at the source of the device 66 less the Vi 
drop across the device 66 is also applied at the source of the 
device 67. TTie voltages at the source and gate of the device 
67 turn it on in a region of operation in which it exhibits 
essentially no Vi drop causing the voltage Vpp less the Vl 50 
drop of the device 66 to be applied at the gate of the device 
68. With the gate and source terminals of each of the devices 
66 and 68 being at the same values, the device 68 conducts 
mirroring the constant current through the device 66. In one 
embodiment, the device 68 has a channel width which is 55 
twenty-five times that of the device 66 so that it transfers 
twenty-five times the constant current transferred by the 
device 66, a current which remains constant no matter what 
' current is furnished at the source of the voltage Vpp. Thus, 
when the detector 37 signals that the charge pump is 60 
providing the source voltage, the current provided is limited 
to a constant value. This value is selected to be such that the 
peak current applied to the memory devices of the fiash 
EEPROM array moves those devices into a portion the soft 
breakdown region so that too much current is not dissipated 65 
by U^nsfer through the diode action of the source to sub- 
strate junction. 
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On the other hand, when the detector determines that the 
external source is providing voltage for erasing the array, a 
one valued or high signal of twelve volts is provided at the 
control terminal. This signal disables the device 67 and 
enables the N type device 70, The device 70 conducts and 
ground is applied at the gate terminal of the device 68. 
Ground at the gate of the device 68.causes the device 68 to 
operate in the region in which it u^nsfers current limited 
only by the size of the device 68 to the source terminals of 
the memory cells of the flash EEPROM array. 

Although the present invention has been described in 
terms of a preferred embodiment, it will be ^predated that 
various modifications and alterations might be made by 
those skilled in the art without departing from the spirit and 
scope of the invention. The invention should therefore be 
measured in terms of the claims which follow. 

What is claimed is: 

1. A method for controlling the current furnished to source 
terminals of floating gate field effect transistors of a flash 
EEPROM memory array comprising the steps of: 

detecting whether a voltage furnished to source terminals 
of floating gate field effect transistors is derived from an 
external voltage source or from a charge pump, 

controlling the current furnished to the source tenninals of 
floating gate field effect transistors to be a constat 
current of a limited value if the voltage furnished to 
source tenninals of floating gate field effect transistors 
is derived from a charge pump, and 

allowing the current furnished to source terminals of 
floating gate field effect transistors to vary if the voltage 
furnished to source tenninals of floating gate field 
effect transistors is derived from an external source. 

2. A method for controlling the current furnished to source 
terminals of floating gate field effect transistors of a flash 
EEPROM memory array as claimed in claim 1 in which the 
step of controlling the current furnished to the source 
terminals of floating gate field effect transistors to be a 
constant current of a limited value if the voltage furnished to 
source terminals of floating gate field effect transistors is 
derived from a charge pump comprising the steps of: pro- 
viding a constant current, and 

mirroring the constant current to source terminals of 
floating gate field effect transistors if the voltage fur- 
nished to source terminals of floating gate field effect 
transistors is derived from a charge pump. 

3. A method for providing power to a plurality of floating 
gate field effect transistor devices during an erase operation, 
said floating gale field effect transistor devices having a gate 
terminal, a drain terminal and a source terminal, said method 
comprising the steps of: 

providing a charge pump circuit; 

generating, from said charge pump circuit, a positive 

voltage for source terminals of said floating gate field 

effect transistor devices during an erase operation; 
receiving power at a first terminal fro an external source; 
supplying power for siad erase operation from either said 

first terminal or said charge pump circuit to a second 

terminal; and 

regulating, at said second terminal, said powere to a first 
constant current when said power is supplied from said 
charge pump circuit, and not regulting current when 
said power is supplied from said external source, said 
first constant current being insuflBcient to bias a floating 
gate field effect transistor devices in a soft breakdown 
- - region during an erase operation. 
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4. The method as set forth in claim 3, wherein the step of 
regulating said power to a first constant current when said 
power is supplied from said charge pump circuit, and not 
regulating current when said power is supplied from said 
external source comprises the steps of: 5 
coupling a constant cuneot source, including a first tran- 
sistor, to said second terminal; 
biasing said first transistor to activate said constant cur- 
rent source when said power is selectively supplied 
from said charge pump circuit; 
biasing said first transistor to inactivate said constant 
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current source when said power is selectively supplied 
from said external source; and 
coi^ling a second transistor between said second terminal 
and said selective source terminals of said floating gate 
field effect transistor devices during an erase operation; 
and 

biasing said second transistor with said constant current 
source so as to regulate current to generate said first 
constant current. 

* « * « * 
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ABSTRACT 



An integrated memoiy dicuit is described which includes a 
charge pump for producing a pumped voltage and a ring 
oscillator coupled to the charge pump, Tht ring oscillator is 
used to operate the charge pump, siich that pump cycles are 
activated on the edges of the oscillator output The ring 
oscillator includes an oscillator enable circuit which is 
controlled by a regulator to maintain a controlled pump 
voltage. The oscillator enable circuit irnmediately shuts the 
ring oscillator off when the pump voltage reaches a pre- 
determined upper voltage limit so that additional oscillator 
cycles are eliminated, thereby, reducing the chance of an 
overshoot in the pump voltage. The oscillator enable circuit 
turns the oscillator on when the pump voltage decreases to 
a predetermined lower level. 

11 Claims, 4 Drawing Sheets 
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RIN G OSC ILLATOR ENABLE CIRCUIT This over-shoot makes regulation of the pump voltage 

WITH IMMEDIATE SHUTDOWN difficult and increases the peak to peak lipple expeiienced in 

Veep. 

For the reasons stated above, and for other reasons stated 

TECHNICAL FIELD OF THE INVENTION 5 below which will become apparent to those skiUed in the art 

nie present invention relates generaUy to integrated cir- understanding the present specification, 

cuils and in particular the present invention relates to ring *ff^J' ^ ^ ^ ™S ^1*= 

oscillator circuits. More particularly, the present invention "^^f^ ^^"^ oscillator immediately to allow 

relates to a ring oscillator enable ckcuiL for better regulation of Veep. 



BACKGROUND OF THE INVENTION 

Chaige pumps are well known in the art as an on-chip 
voltage regulator capable of providing a voltage more posi- 
tive than the most positive external power supply voltage ^5 
and/or negative voltage in the absence of a negative power 
supply voltage. The pump voltage is provided by a chaige 
stored on a chaige c^adtor. The advantages of chaige 
pumps are also well known in the art, for exan^)le, such as 
providing a bias voltage for the substrate of an integrated 20 
circuit or n-type and p-type wells, or for providing greater 
output voltage swings. 

Many types of integrated circuit memories require several 
different power levels for operation. Some of these power 
levels exceed the available potential range of the external 
power supplies used to power the circuit For example, 
access transistors connected to dynamic memory cells typi- 
cally use a pumped voltage (Veep) to drive their gates above 
the most positive power supply voltage. Hie Veep is typi- 
cally provided by a charge pump and is used to allow a ^ 
complete chaige to be written to the memory cell. If a lower 
voltage were used as the gate potential, such as the supply 
voltage Vcc, a threshold voltage (Vt) would be lost between 
the source and drain, such that a fiill source voltage could not 
reach the drain. 

Most chaige punq)s provide some type of oscillator cir- 
cuit. This circuit can be a ring oscillator which provides a 
square wave or pulse train having voltage swings typically 
between ground and the most positive external supply ^ 
voltage, Vcc, The pumped voltage level is partially con- 
trolled by the ring oscillator. That is, the pumped charge is 
generated when the ring oscillator cycles high. The ring 
oscillator, therefore, has an active half-cycle and an inactive 
half-cycle. A chaige capacitor is typically pre-chaiged dur- 
ing the inactive half-cycle. The capacitor chaige is then 
pumped to a higher level by chaige sharing with another 
capacitor when the ring osdllator transitions to the active 
half-cycle. To reduce the amount of inactive time, chaige 
pumps can have more tiian one phase where each phase ^ 
operates on either the high or low transition of the ring 
oscillator. 

IVpical ring oscillators include an enable circuit which is 
used in the regulation of the pumped voltage. The enable 
circuit activates and deactivates the ring oscillator when the 55 
pumped voltage exceeds pre-determined upper and lower 
limits. When the chaige c^acitor has been ^schaiged to a 
point where the lower level of Veep has been reached, a 
regulator circuit activates an enable circuit coupled to the 
ring oscillator and the charge capacitor is re-charged. When ^ 
the chaige on the capacitor reaches the desired upper limit 
the oscillator is disabled. This process maintains an accept- 
able level for Veep. 

A problem occurs when the oscillator fails to turn-off 
when the enable dicuit is triggered. Over-shoot of the 65 
chaige pump maybe experienced when the oscillator com- 
pletes an additional cycle after the disable signal is received. 



SUMMARY OF THE INVENTION 

The above mentioned problems with ring oscillators and 
other problems are addressed by the present invention and 
which wiD be understood by reading and studying the 
following specification. A ring oscillator enable circuit is 
described which immediately shuts the ring oscillator off to 
avoid over-shoot 

In particular, the present invention describes an integrated 
circuit comprising a ring oscillator having cascaded invert- 
ing stages cotmected in a ring for producing an oscillating 
output having rising and falling transitions. An enable/ 
disable circuit is coupled to the ring osdllator and has ah 
input signal. The enable/disable circuit is responsive to the 
input signal for disabling the ring oscillator and prohibiting 
adiditional rising and falling transitions. The enable/disable 
circuit can comprise a feed forward circuit responsive to the 
input signal, and a feed back dicuit responsive to the input 
signal. 

In an alternate embodiment, the oscillating output is 
provided as the output from one of the plurality of cascaded 
inverting stages, and a feed forward circuit is comprised of 
a multiplexer located between the input of the one of the 
plurality of cascaded inverting stages and an output of a 
preceding cascaded inverting stage of the ring osdllator. A 
feed back circuit is comprised of a multiplexer and a feed 
back inverter connected between the output of the one of the 
plurality of cascaded inverting stages and the input of the 
one of the plurality of cascaded inverting stages. 

The integrated circuit can include a charge pump circuit 
coupled to the ring osciUator for pioducing a pumped 
voltage, or a voltage regulator circuit for goierating the 
input signal. 

In another alternate embodiment a method is provided for 
controlling a ring oscillator. The method comprises the steps 
of providing a ring oscillator having cascaded inverting 
stages formed in a ring for producing an osdllating output 
having rising and falling transitions, providing an input 
signal to an enable/disable circuit coupled to the ring oscil- 
lator, and disabling the ring oscillator in response to the 
input signal, such, that additional rising and falling transi- 
tions are prohibited. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a prior art chaige pump; 
FIG. 2 is a art ring osdUator, 
FIG. 3 is a ring oscillator including an enable ciicmt; 
FIG. 4 is a graph of the Veep output from a charge pump 
using the ring oscillator of FIG. 3; 

FIG. 5 is a ring oscillator incorporating the present 
invention; and 

FIG. 6 is an alternate ring oscillator incoiporating the 
present invention. 
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DETAILED DESCRIPTION OF THE 
INVENTION 

In the following detailed description of the invention, 
reference is made to the accompanying drawings which 
foim a part hereof, and in which is shown by way of 
illustration specific preferred embodiments in which the 
inventions may be practiced. These embodiments are 
described in sufficient detail to enable those skilled in the art 
to practice the invention, and it is to be understood that other 
embodiments may be utilized and that logical, mechanical 
and electrical changes may be made without departing from 
the spirit and scope of the present inventions. Tho following 
detailed description is, therefore, not to be taken in a limiting 
sense, and the scope of the present inventions is defined only 
by the appended claims. 

A basic single phase charge pump 100 is described with 
reference to FIG. 1. A ring oscillator 102 provides a square 
wave oscillating signal having voltage swings between the 
supply voltage, Vcc, and ground. An inverter 104 may be 
used to sharpen the edges of the oscillating output signal of 
the ring oscillator. A capacitor 106 is discharged through the 
output 110 via diode connected transistor 112. Transistor 
108 is coupled to the external power supply voltage, Vcc, at 
terminal 114. When the ring oscillator 102 produces a 
voltage close to Vcc, the output of inverter 104 is low and 
circuit node 116 is approximately at the voltage of the power 
supply minus a threshold voltage (Vcc-Vt) as provided by 
transistor 108. When the ring oscillator transitions to a low 
voltage, the output of inverter 104 goes high and boosts the 
charge on capacitor 106. The incremental charge on capaci- 
tor 106 is delivered to output 110 through transistor 112. The 
charge on capacitor 106 is therefore pumped above Vcc to 
produce Veep. It is understood that multiple-phase charge 
pumps can be operated using a single ring oscillator, as 
known to one skilled in the art Further, any charge pump 
design can be used with the present invention and the charge 
pump described herein is not intended to limit the present 
invention. 

A typical ring oscillator is shown in FIG. 2 and includes 
an odd number of inverter stages 120(1H13) arranged in a 
serially connecting ring fashion. Thirteen inverter stages are 
shown in FIG. 2, but the exact number can be any odd 
number depending upon the delay through each stage and 
the desured oscillating frequency. The output of each inverter 
is coupled to the input of tiie succeeding inverter in the ring. 
The output of die last inverter 120(13) is coupled to the input 
of the first inverter 120(1) and forms the oscillating output. 
The output is coupled to the input of a two phase Veep 
charge pump 122. That is, one phase is opemted on a rising 
edge of the ring oscillator output and die other phase is 
operated on the falling edge. 

One of the inverter stages of the ring oscillator of FIG. 2 
can be replaced with an enable circuit 124, as shown in FIG. 
3. The enable circuit is a pair of cross-coupled NAND gates 
which form a latch when the ring oscillator is to be disabled. 
The enable circuit operates as an inverter when the Disable 
input 126 is low. That is, inverter 128, NAND gate 130 and 
inverter 132 together act as an inverter when the input 136 
of NAND gate 130 is high. To disable the ring oscillator, die go 
Disable input 126 is pulled high. The output of NAND gate 
134 will latch low when die output 138 of NAND gate 130 
goes high. 

Hie Disable input 126 is controlled by a regulator circuit 
(not shown) which monitors the Veep voltage level. If the 65 
Veep voltage reaches a pre-determined Veep low level, die 
ring osciUator is enabled to activate the charge pump, see 
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FIG. 4. If, on the other hand, the Veep reaches a pre- 
determined Veep high level, die ring oscillator is disabled. 
If the Veep pump does not turn off when the Disable input 
126 goes Iti^, an over-shoot in the Veep level will occur. As 
stated above, the variation in the peak to peak ripple of the 
Veep level resulting from over-shoot is undesirable. 

An over-shoot in the Veep pump 122 can happen if the 
Disable input 126 is pulled high shortly after the output of 
inverter 128 has gone high. For example, if the output firom 
inverter stage 120(12) goes low, the output from die enable 
circuit 124 goes high. This produces a rising edge and allows 
one phase of the Veep pump to charge its pump capacitor. If 
the Disable input goes high while the output from inverter 
120(12) is low, die cross coupled NAND gates 130 and 134 
caimot latch node 138 high. The output from inverter 
120(12) must go high before NAND gate 134 can latch die 
output of NAND gate 130 to high state. This allows one low 
transition to occur on the oscillator output which triggers the 
other phase of the Veep charge pump. To eliminate this extra 
cycle, an enable circuit is provided which stops the ring 
oscillator independent of die state of the oscillator, see FIG. 
5. 

A ring oscillator 140 is shown in FIG. 5 which includes 
an oscillator enable circuit 142 which insures that the output 
of the ring oscillator shuts down immediately upon notifi- 
cation by a regulator drcuit The ring oscillator is a series of 
cascading inverters 144(2)-(12). Hie output of each inverter 
is coupled to the input of the succeeding inverter in die ring. 
The output of die last inverter 144(12) is coupled to the 
oscillator enable circuit 142 which normally acts as an 
inverter element The oscillator enable circuit 142 is then 
coupled to the input of a multiphase Veep charge pump 122. 

The oscillator enable circuit 142 includes an enable input 
(Oscen*) which is an inverse logic signal provided by 
voltage regulator 156. The voltage regulator monitors die 
Veep voltage level provided by the Veep pump 122 and 
controls the Oscen* signal as Veep reaches its predeter- 
mined linut levels. The oscillator enable circuit 142 has a 
feed forward circuit including multiplexer 150 and NAND 
gate 152, and a feed back circuit including inverter 154 and 
multiplexer 150, Inverter 146 is provided to produce die 
complement, or inverse, of the Oscen* input signal. Both 
Oscen* and its complement are used to control multiplexer 
150. 

During normal oscillator operation, the Oscen* input is 
low (control input A*). The output of inverter 146 (control 
input A) is therefore high and multiplexer 150 couples the 
output of inverter stage 144(12) (Input A) to NAND gate 152 
via the multiplexer output The Powenip input to NAND 
gate 152 is normally high, as explained below. NAND gate 
152, thereby, operates as an inverter stage in the ring 
oscillator. 

The Oscen* input is pulled high by regulator 156 to torn 
die ring oscillator 140 off. When Oscen* goes high die 
output of inverter 146 goes low and multiplexer 150 couples 
die output of inverter 154 (Input B) to NAND gate 152. The 
NAND gate is, dierefore, latched at its current state such diat 
the oscillator is immediately disabled and cannot continue to 
cycle. It will be understood that the multiplexer 150 can be 
replaced with logic circuitry which responds to the Oscen* 
signal to selectively couple either the feedback circuit or the 
feed forward circuit to the next inverter stage. 

During a power-up sequence for the integrated circuit, die 
Powerup input to NAND gate 152 is held low so diat die 
NAND gate output is latched high until die integrated circuit 
has been suffidentiy powered-up. It will be recognized that 
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NAND gate 152 can be replaced with a NOR gate having an 
increase logic power-up input, or an inverter if the power-up 
control is not desired. For example, FIG. 6 illustrates a ring 
oscillator 140 which has thiiteen inverter stages 
144(1H13). The oscillator enable dicuit 142 uses the s 
output of inverter stage 144(1) as the input for the feed back 
circuit, as defined by inverter 154 and multiplexer 150. The 
feed forward circuit, multiplexer 150, receives the output 
from inverter 144(13) and feeds the signal to inverter 144(1) 
when Oscen* is low. As explained above, when Oscen* goes 10 
high, inverter 144(1) is latched at its current state using the 
feed back circuit to disable the ring oscillator and prohibit 
further oscillations. 

The present invention has been described in a ring oscil- 
lator having a series of inverting stages with the oscillator 
enable circuit 142 being coupled to the first inverting stage. 
It will be understood that any odd number of inverting stages 
can be used and that the oscOlator enable circuit 142 can be 
located between any of the inverting stages. Although 20 
inverters are preferred as iiiverting stages in the ring oscil- 
lator, it will be under stood by those skilled in the art that any 
inverting-type circuit can be used, including but not limited 
to NAND and NOR gates. Further, the Veep pump coupled 
to the ring oscillator can be any design and is not limited to ^ 
a multi-phase charge pump. 

Conclusion 

A ring oscillator has been desoibed for use with a charge 
pump circuit. The ring oscillator includes an oscillator 
enable circuit which is controlled by a regulator to maintain 
a controlled pump voltage. The oscillator enable circuit is 
not dependent upon the state of the ring oscillator and can 
immediately disable the oscillator. Additional oscillator 3S 
cycles are eliminated, thereby, reducing the chance of an 
over-shoot in the pump voltage. When the pump voltage 
decreases to a predetomined lower level, the regulator 
activates the ring osciDator enable circuit. When activated, 
the enable circuit feed forward circuit can operate as an ^ 
inverter stage in the ring oscillator. When the pump voltage 
increases to a predetermined upper level, the regulator 
de-activates the enable circuit. When de-activated, a feed 
back circuit latches an inverter stage of the ring oscillator. 45 

Although specific embodiments have been illustrated and 
described herein, it will be appreciated by those of ordinaiy 
skill in the art that any arrangement which is calculated to 
achieve the same purpose may be substituted for the specific 
embodiment shown. This application is intended to cover 
any ad^tations or variations of the present invention. For 
example, although the oscillator enable dicuit has been 
described using a multiplexer to selectively couple either a 
feed back circuit or a feed forward circuit to the ring 55 
oscillator, a logic circuit could be used to perform the 
selective coupling operation. Therefore, it is manifestly 
intended that this invention be limited only by the claims and 
the equivalents thereof. 

What is claimed is: ^ 

1. An integrated circuit comprising: 

a ring oscillator having a plurality of cascaded inverting 
stages coimected in a ring for producing an oscillating 
output having rising and falling transitions; and 55 

an enable/disable circuit coupled to the ring oscillator and 
having an input signal, the enable/disable circuit being 
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responsive to the input signal for disabling the ring 
oscillator and prohibiting additional rising and falling 
transitions. 

2. The integrated circuit of claim 1 whmin the enable/ 
disable circuit comprises: 

a feed forward circuit responsive to the input signal; and 
a feed back circuit responsive to the input signal. 

3. The integrated circuit of claim 2 wherein: 

the oscillating output is provided as the output from one 
of the plurality of cascaded inverting stages; 

the feed forward circuit is comprised of a multiplexer 
located between the input of the one of the plurality of 
cascaded inverting stages and an output of a preceding 
cascaded inverting stage of the ring oscillator, and 

the feed back circuit is comprised of the multiplexer and 
a feed back inverter conneaed between the output of 
the one of the plurality of cascaded inverting stages and 
the input of the one of the plurality of cascaded 
inverting stages. 

4. The integrated circuit of daun 1 further induding a 
charge pump circuit coupled to the ring oscillator for pro- 
dudng a pumped voltage. 

5. The integrated circuit of claim 1 further including a 
voltage regulator dicuit for generating the input signal. 

6. The integrated circuit of claim 1 wherein the plurality 
of inverting stages are comprised of a plurality of inverters. 

7. An integrated circuit comprising: 

a ring osdllator having a plurality of cascaded inverting 
stages formed in a ring for producing an osdllating 
output having rising and falling transitions; 

one of the plurality of inverting stages bdng formed as an 
enable/disable circuit, having an input signal, and being 
responsive to the input signal for disabling the ring 
oscillator and prohibiting additional rising and falling 
transitions; 

the enable/disable circuit comprising a feed forward cir- 
cuit coimected to an output of a preceding inverting 
stage and an input of a succeeding inverting stage, and 
a feed back circuit; 
a charge pump connected to the ring oscillator;, and 
a voltage regulativ coupled to the charge pump for 
generating the input signal. 

8. Hie integrated drcuit of claim 7 wherein: 

the feed forward circuit comprises a multiplexer con- 
nected to one input of a NAND gate; 

the multiplexer being connected to the output of the 
preceding inverting stage and the NAND gate being 
connected to the input of the succeeding inverting 
stage; and 

the feed back circuit comprising an inverter coimected to 
the input of the succeeding inverting stage and coupled 
to the ixmltiplexer. 

9. The integrated circuit of claim 7 wherein: 

the feed forward circuit comprises a multiplexer con- 
nected to one input of a NOR gate; 

the multiplexer being connected to the output of the 
preceding inverting stage and the NOR gate being 
coimected to the input of the succeeding inverting 
stage; and 

the feed back circuit comprising an inverter connected to 
the input of the succeeding inverting stage and coupled 
to the multiplexer. 

10. The integrated drcuit of claim 7 wherein: 
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the feed, forward circuit comprises a multiplexer con- 
nected to an input of an inverter gate; 

the multiplexer being connected to the output of the 
preceding inverting stage and the inverter gate being 
connected to the input of the succeeding inverting 
stage; and 

the feed back circuit comprising an inverter cormected to 
the input of the succeeding inverting stage and coupled 
to the multiplexer. 

11. A method of controlling a ring oscillator, the method 
comprising the steps of: 
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providing a ring oscillator having a plurality of cascaded 
inverting stages formed in a ring for producing an 
oscillating ou^ut having rising and falling transitions; 

providing an input signal to an enable/disable circuit 
coupled to the ring oscillator; and 

disabling the ring oscillator in response to the input signal, 
such that additional rising and falling transitions are 
prohibited. 
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[57] ABSTRACT 

An integrated circuit has a built-in EEPROM which utilizes 
a high voltage to write or erase data. The integrated circuit 
operates with a lower power supply voltage. Switches sup- 
ply a high voltage to bit lines, control gate lines, and word 
lines. Each switch includes a multi-stage charge pump 
comprising diode-connected transistors and capacitors. The 
switch has an enhanced charge capability and can transfer a 
high voltage from a low power supply voltage. Thus, the 
switch can operate successfully with a low power supply 
voltage. 
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FIG. 2 
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FIG. 3 
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FIG. 8 
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SEMICONDUCTOR INTEGRATED dRCUTT 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 5 
The present invention relates to a semiconductor inte- 
grated circuit and, more specifically, to a technique for 
expanding the operating voltage of a semiconductor inte- 
grated circuit such as a microcomputer having a built-in 
EEPROM. 10 

2. Description of the Related Art 

Referring to FIGS. 7-13, the configuration and operation 
of an EEPROM and its peripheral circuits will be described 
first taking a microcomputer having a built-in EEPROM as 
an example. 

FIG. 7 is a block diagram illustrating a general configu- 
ration of a microcomputer having a built-in EEPROM 
(Electrically Erasable Programmable Read Only Memory), 
for use in an IC card. In . FIG. 7, reference numeral 10 20 
denotes an IC card or a microcomputer for performing data 
processing. In the microcomputer 10, reference numeral 1 
denotes a CPU or a central processing unit that is responsible 
for operations and control of data processing. That is, the 
CPU 1 is responsible for execution and control of a program 25 
associated with the data processing. Reference numeral 4 
denotes a ROM serving as a program memory for storing a 
program required for the data processing. That is, the ROM 
4 stores a program that executes various functions a user of 
a card needs. Reference numeral 5 denotes an EEPROM 30 
acting as a nonvolatile memory in which personal informa- 
tion of a card user is written and stored. Reference numeral 
6 denotes a RAM acting as a temporary memory for tem- 
porarily storing data required for the data processing. Ref- 
erence numeral 7 denotes an input/output circuit for input- 35 
ting and outputting data from or to peripheral devices. 
Reference numeral 2 denotes a system bus for making 
connection between the above-described conqx>nent ele- 
ments. Furthermore, PI denotes a positive power supply 
terminal, P2 a negative power supply terminal or a ground 40 
terminal, P3 a reset input terminal for receiving a reset signal 
to initialize the CPU 1, P4 a clock input terminal for 
receiving a clock signal, and P5 an I/O terminal for inputting 
and outputting data. The I/O terminal P5 is connected to the 
input/ouQ)ut circuit 7 that is further coimected to the system 45 
bus 2. Tlie input/output circuit 7 is responsible for data 
communication via the I/O terminal P5 between the IC card 
10 and peripheral devices (not shown). 

FIG, 8 is a block diagram illustrating a general configu- 
ration of an EEPROM. In this figure, reference numeral 31 50 
denotes a memory cell array comprising memory cells (refer 
to FIGS. 9 and 10) arranged in a matrix form, in which 
memory cells on each row are connected in common to a 
corresponding word line and memory cells on each colunm 
are connected in common to a corresponding bit line (refer 55 
to FIG. 10 for both word and bit lines). Reference numerals 
2a and 2b denote data buses included in the system bus. 
Selection of word lines is accomplished by a row decoder 
32, and selection of bit lines is accomplished by a column 
decoder 33. The row decoder.32 sets one word line to an H 60 
level and sets the other word lines to an L level according to 
a row address Ar obtained via an address latch 34. The 
column decoder 33 selectively turns on a Y-gate 35 accord- 
ing to a column address Ac obtained via the address latch 34 
so as to electrically, connect a bit line to a write buffer 36. 65 
The row decoder 32 and the column decoder 33 are enabled 
or disabled by a controller 37. The address latch 34 latches 
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an address signal in response to the output from the con- 
troller 37, and provides a row address Ar and a colunm 
address Ac to the row decoder 32 and the column decoder, 
respectively. 

The controller 37 sets a time width or a pulse duradon of 
a specific signal by using a timer 38. Hie controller 37 is also 
responsible for control regarding activation and inactivation 
of an oscillator 45, a Vpp generator 44, a colunm latch 39, 
Vpp switches 40, 46, a sense amplifier 41, the row decoder 
32, and the column decoder 33. The controller 37 latches 
data, that should be written, in the latch 43 according to a 
control clock signal <E> and a write signal WR, and further 
provides Che data to the write buffer 36. 

When enabled, the column latch 39 temporarily holds 
write data given on each bit line. The Vpp switches 40 and 
46, when enabled, raise the potentials of a bit line and a 
control gate line (refer to FIG. 10) connected to the column 
latch 39, and a word line connected to the row decoder 32 
to a high voltage of Vpp. The sense amplifier 41, when 
enabled, amplifies data that has been stored via the y-gate 35 
in a memory cell of the memory cell array 31, and provides 
the amplified data to an output buffer 42, The output buffer 
42, in response to the output from the controller 37, outputs 
the data that is read out by the sense amplifier 41 onto the 
data bus 2b as read-out data. The controller 37 controls the 
address latch 34 and the output buffer 42, according to the 
control clock signal O and the read-out signal RD. 

FIGS. 9A and 9B illustrate one memory cell included in 
the memory cell array 31 of the EEPROM shown in FIG. 8, 
wherein FIG. 9A illustrates its cross-section and FIG, 9B 
illustrates an equivalent circuit of the cell shown in FIG. 9A. 
As can be seen from these figures, a memory cell comprises 
a memory transistor MQ and a selection transistor SQ. As 
shown in FIG. 9A, n*-diffusion regions 21-23 are formed in 
a p-type semiconductor substrate 20 by diffusing n-type 
impurities selectively into the semiconductor substrate 20. 
Reference numeral 29 denotes an insulating layer. A gate 24 
is formed above the area between the n'*^-diffusion regions 21 
and 23 via an oxide film 47, and a fioating gate 25 is formed 
above a part of n^-difiiision region 22 and above the area 
between the n'^'-difiusion regions 22 and 23 via an oxide film 
48. The fioating gate 25 has, above the n"*"-diffusion region 
22, a portion which is lower than the other portions. The 
portion of the oxide film 48 disposed under this lower 
portion of the fioating gate 25 is as thin as 100 A and acts 
as a tunnelling oxide film 48a A control gate 26 corre- 
sponding to the floating gate 25 is formed above the floating 
gate 25 via an oxide film 49. A bit line 28 made of an 
aluminum interconnecdon layer is also formed above the 
n'^-diffiision region 21. 

The memory cell having the above-described structure 
comprises a series connection of an enhancement-type selec- 
tion transistor SQ and a memory transistor MQ having a 
variable threshold voltage, as shown in FIG. 9B. The selec- 
tion transistor SQ has a gate 24, and utilizes n*-diffusion 
regions 21 and 22 as drain and source regions, respectively. 
The memory transistor MQ has a fioating gate 25 and a 
control gate 26, and utilizes n'*'-difiusion regions 22 and 23 
as drain and source regions, respectively. 

Writing into the memory transistor MQ is done basically 
by applying a high voltage to either the drain 22 or the 
control gate 26, and grounding the other, so as to induce an 
electric field as high as 10 MV/cm in the tunnelling oxide 
film 48a, thereby injecting or emitting electrons into or from 
the floating gate 25. If electrons are injected into the fioating 
gate 25 of the memory transistor MQ, then its threshold 
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voltage shifts in the positive direction. If electrons are 
extracted from the floating gate 25, then the threshold 
voltage shifts in the negative direction. Nonvolatile writing' 
is accomplished by using correspondence between positive 
and negative threshold voltages as information "1" and "0". 5 

Information is basically read out from the memory tran- 
sistor MQ as follows. An H-level signal is applied to the gate 
24 of a selection transistor SQ of a selected memory cell, and 
the source 23 of the memory transistor MQ is made a ground 
potential. Furthermore, a read-out voltage VCG having a iq 
magnitude, for example, of about OV is ^plied to the control 
gate 26. In this situation, if the threshold voltage of the 
memory transistor MQ is positive, then the memory tran- 
sistor MQ turns off. If the threshold voltage is negative then 
the memory transistor MQ turns on. If the memory transistor 
MQ turns on, a current flows from the bit line 28 toward the 
ground level via the selection transistor SQ and via the 
memory transistor MQ. This current is converted into a 
voltage and detected by a sense amplifier 41 (refer to FIG. 
8) connected to the bit line 28. Thus, information has been 
read out An L-level signal is applied to gates of selection ^ 
transistors SQ of all non-selected memory cells so that all 
these selection transistors SQ are turned off. Therefore, in 
this case, there is no current flowing from the bit line 28 to 
the ground level, even if memory transistors MQ have a 
negative threshold voltage. ^ 

FIG. 10 illustrates a peripheral circuit of the memory cell 
array 31 of the EEPROM shown in FIG. 8. For simplicity, 
only four memory cells MCI, MC2, MC3, and MC4 orga- 
nized in 1-byte 1-bit fashion are shown in the figure. In the 
following description, signal lines and signals transmitted 
through these lines are denoted by the same notations. The 
memory cells MC1-MC4, as shown in FIG. 9, comprise 
memory transistors MQl, MQ2, MQ3, MQ4 and selection 
transistors SQl, SQ2, SQ3, SQ4, respectively. The drains of 
the selection transistors SQl and SQ2 are connected to a bit 
line BLl, and the drains of the selection transistors SQ3 and 
SQ4 are connected to a bit line BL2. The sources of the 
memory transistors MQl and MQ2 are connected to a 
source line SLl, and the sources of the memory transistors ^ 
MQ3 and MQ4 are connected to a source line SL2. 

These source lines SLl and SL2 are grounded via tran- 
sistors T51 and T52 whose gates are supp lied with an 
inverted program cycle selection signal PRS. The control 
gates of the memory transistors MQl and MQ2 are con- 45 
nected to a control gate line CGLl via byte selection 
transistors Tl and T2, respectively. Similarly, the control 
gates of the memory transistors MQ3 and MQ4 are con- 
nected to a control gate line CGL2 via byte selection 
transistors T3 and T4, respectively. The gates of the tran- 50 
sistors Tl, T3, and the gates of the selection transistors SQl, 
SQ3 are all connected to a word line WLl. The gates of the 
transistors T2, T4, and the gates of the selection transistors 
SQ2, SQ4 are all coimected to a word line WL2. One end of 
the word line WLl and that of WL2 are cotmected to the row 55 
decoder 32 via high voltage isolation transistors T5 and T6, 
respectively, wherein a power supply voltage Vcc is applied 
to the gates of the high voltage isolation transistors T5 and 
T6. 

One end of each of the bit lines BLl, BL2 and one end of 60 
each of the conm)l gate lines CGLl, CGL2 are connected to 
column latches 39a, 39b, 39c, 39^i respectively, via tran- 
sistors T7, T8, T9, and TIO, respectively. The other ends of 
the control gate lines CGLl and CGL2 are connected to a 
common control gate line CCGL via transistors T61 and 6S 
T62, respectively. The other ends of the bit lines BLl and 
BL2 are connected to an input/output line I/O via Y-gate 
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transistors T71 and T72, respectively. Hie gates of the 
transistors T61 and T71 are connected to an output line 
CDLl of the colunm decoder 33. Similarly, the gates of the 
transistors T62 and T72 are connected to an output line 
CDL2. The common control gate line CCGL is coimected to 
a buffer BFl, and the input/output line I/O is connected to 
a write buffer 36 and to the sense amplifier 41. The control 
gate lines CGLl, CGL2, the bit lines BLl, BL2, and the 
word lines WLl, WL2 are connected to Vpp switches 
40a-40d^ 46e, 46/ respectively. The Vpp switches 40fl-40i 
46e, 46/ are connected to a high voltage line VPPL via which 
a high voltage of 15-20V is supplied. In response to an 
applied erase clock signal CLKE, program clock signal 
CLKP, and word line clock signal CLKW, the Vpp switches 
40a-40d^ 46e, 46f raise the coimected control gate lines 
CGLl, CGL2, bit lines BLl, BL2, and word lines WLl, 
WL2 up to the high voltage Vpp if these lines axe at an H 
level. When the word lines WLl and WL2 are raised to the 
high voltage Vpp, the row decoder 32 is isolated from the 
high voltage Vpp by the transistors T5 and T6 whose gates 
are supplied with the supply voltage Vcc. 

A bit signal transfer control signal BTTR is coimected to 
the gates of the transistors T7 and T8, and a control gate 
signal transfer control signal CGITl is connected to the gates 
of the transistors T9 and TIO. When these signals are at H 
levels, mutual signal communications are accomplished 
between the bit lines BLl, BL2, control gate lines CGLl, 
CGL2, and the colunm latches 39a, 39k 39c, 39d, When the 
bit lines BLl, BL2, and the conuol gate lines CGLl, CGL2 
are raised to the high voltage Vpp, the column latches 39a, 
39b, 39c, 39d are isolated from the high voltage Vpp, since 
the gates of the transistors T7-T10 are at the Vcc level. 

The transistors Til and T12 are connected to the control 
gate lines CGLl and CGL2, respectively, and the gates of 
the transistors Til and T12 are cormected to a control gate 
line reset signal CGRST. When the control gate line reset 
signal CGRST rises to an H level, the control gate lines 
CGLl and CGL2 falls to an L level. The bit lines BLl and 
BL2 are coimected to transistor T13 and T14, respectively, 
and the gates of the transistors T13 and T14 are connected 
to a bit line reset signal BTRST. When the bit line reset 
signal BTRST rises to an H level, the bit lines BLl and BL2 
fall to an L level. The bit lines BLl and BL2 are also 
connected to transistors T15 and T17, respectively. The 
transistors T15 and T17 are connected to transistors T16 and 
T18 respectively. The gates of the transistors T15 and T17 
are connected to the colunm latches 39a and 39b, respec- 
tively. The gates of the transistors T16 and T18 are con- 
nected to a precharge signal PRCH. When the column 
latches 39a and 39^ are at an H level, if the precharge signal 
PRCH rises up to an H level, then both bit lines BLl and 
BL2 rise to an H level. 

The inverted program cycle selection signal PRS, the 
control gate line reset signal CGRST, the bit line reset signal 
BTRST, the control gate signal transfer control signal 
CGTR, the bit signal transfer control signal BTTR, and the 
precharge signal PRCH are driven by buffers BF2, BF3, 
BF4, BF5, BF6, and BF7, respectively. 

Referring to FIGS. 8 and 10, read-out operation of the 
EEPROM will be described below. First, selections of word 
lines WL, control gate lines CGL, and bit lines BL are 
performed by the row decoder 32 and the column decoder 
33. In the following description, an operation will be 
explained for the case where a memory cell MCI is selected 
by selecting the word line WLl and by turning on the 
transistors T61 and T71 so as to select the control gate line 
CGLl and the bit line BLl, The inverted program cycle 
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selection signal PRS is raised to an H level, and the source 
lines SLl and SL2 are grounded. Furthermore, the controller 
37 disables the column latches 39a-39d, the Vpp switches 
40fl-4(kt 46e, 46/ and the write buffer 36. The buffer BFl 
supplies a voltage of OV to the gate of the memory transistor 5 
MQl via the common control gate line CCGL, transistor 
T61; and transistor Tl. Tbtn, if the memory transistor MQl 
has a positive threshold voltage the memory transistor MQl 
turns off. If the threshold voltage is negative, the transistor 
MQl turns on. The presence or absence of a current flowing 
through the bit line BLl due to the turning on or off of the 
memory transistor MQl is detected from the change in the 
potential on the input/output line I/O by the sense amplifier 
41. The potential change detected by the sense amplifier 41 
is further amplified, and provided as a read-out output 
signal. In this way, the read-out operation is performed. 

FIG. 11 is a timing chart illustrating various signal wave- 
forms relating to a writing operation of the EEPROM. 
Referring to FIGS. 8-11, a writing operation will be 
explained below for the case where the memory cell MCI is 20 
selected. First, a latch cycle starts with a latch starting signal 
WE to drive a latch signal LATCH to an H level. When the 
latch cycle starts, the controller 37 enables the column 
latches 39fl-39i the column decoder 33, and the write 
buffer 36, and the conmfion control gate line CCGL is set to 25 
an H level. On the other hand, the controller 37 disables the 
row decoder 32 and the sense amplifier 47. In a time period 
during which the latch signal LATCH is kept at the H level, 
the transistors T61 and T71, selected by the column decoder 
33, turn on, and the data ("H'* corresponds to information 30 
"O", and "L" corresponds to information "1") held by the 
data latch 43 is latched by the colunm latch 39a via the write 
buffer 36, the input/output Une I/O, the bit line BLl, and the 
transistor T7. Furthermore, an H level is latched by the 
column latch 39c via the common control gate line CCGL 35 
and the control gate line CGLl. Then, once a write starting 
signal goes to an H level, the signal LATCH changes to an 
L level, and an erase cycle signal ERS rises, whereby an 
erase cycle starts. An erasing cycle is such a cycle during 
which the erasing cycle signal ERS is at an H level, and a 40 
program cycle is such a cycle during which the program 
cycle selection signal PRS (that is an inv erted signal of the 
inverted program cycle selection signal PRS) is at an H 
level. The H-level pulse durations of these signals ERS and 
PRS are set to proper values by the controller 37 by using the 45 
timer 38. 

During the erasing cycle, the row decoder 32 is enabled 
by the controller 37, and only the word line WLl is set to an 
H level by the row decoder 32. Furthermore, the colunm 
decoder 33 is disabled by the controller 37. A high voltage 50 
Vpp having a pulse duration of about 4 msec is then applied 
on the high voltage line VPPL thereby applying the high 
voltage Vpp to the Vpp switches 40a-40J, 463, 46/ Then, 
the controller 37 makes a high frequency oscillator, which 
comprises an oscillating circuit 45 and a Vpp generator 44, 55 
generate a high firequency erase clock signal CLKE and a 
word line clock sigiial CLKW having a frequency of a few 
MHz, which are supplied to the Vpp switches 40fl. 4Qb, and 
the Vpp switches 46e, 46/ resp ectiv ely. Since the inverted 
program cycle selection signal PRS is at the H level, the 60 
source lines SLl and SL2 are grounded. In the above- 
described state, the word line WLl and the control gate line 
CGLl are raised to the high voltage Vpp by the Vpp 
switches 40a and 46e, respectively. As a result, tuimeling 
occurs between the floating gate 25 (refer to FIG. 9) and the 65 
drain region (n**'-diffiision region 22) of the memory tran- 
sistor MQl, whereby electrons are injected into the floating 



gate 25. As a result, the threshold voltage of the memory 
transistor MQl shifts in the positive direction (information 
"1" is stored). When the erasing cycle is complete, the 
potential of the control gate line CGLl is reset to an L level. 

The erasing cycle signal ERS then falls, and the precharge 
signal PRCH rises to an H level. Then, a program cycle starts 
with rising of the program cycle selection signal PRS. The 
controller 37 disables the word line clock signal CLKW and 
the erase clock signal CLKE. Subsequently, the controllers? 
provides again a high firequency program clock signal CLKP 
and a word line clock signal (ZLKW having a frequency of 
a few MHz from the high frequency oscillator to the Vpp 
switches 40c, 404 and the Vpp switc hes 46c, 46/ respec- 
tively. Since the inverted signal PRS is at an L level, the 
source line SLl is in a floating state. In this situation, if an 
H level is latched by the column latch 39a, the word line 
WLl and the bit line BLl are raised to the high voltage Vpp. 
As a result, tunneling occurs between the floating gate 25 
(refer to FIG. 9) and the drain region (n"^-difiusion region 22) 
of the memory transistor MQl, whereby electrons are emit- 
ted from the floating gate 25. As a result, the threshold 
voltage of the memory transistor MQl shifts in the negative 
direction (information "0" is stored). On the other hand, in 
the case where an L level is latched by the colunm latch 39a, 
only word line WLl rises up to the high voltage Vpp. and the 
threshold voltage of the memory transistor MQl is main- 
tained unchanged. In this way, the writing operation is 
complete. 

FIG. 12 is a circuit diagram illustrating the internal 
configuration of the Vpp generator (high voltage generator) 
44 shown in FIG. 8, which will be described below. 

The gate and the drain of a transistor Ml are connected to 
each other. A capacitor CI is connected to the node at which 
the gate and the drain are connected. The source of the 
transistor Ml is connected to the drain of a transistor M2 
disposed at the following stage. The gate and the drain of the 
transistor M2 are also connected to each other, and a 
capacitor C2 is also connected to the node which connects 
the gate and drain of the transistor M2. Clock signals CLK2 
and CLK 1 are applied to the other ends of the capacitors CI 
and C2 connected to the drains of the transistors Ml and M2, 
respectively, wherein the phases of the clock signals CLK2 
and CLKl are opposite each oUier. Several stages, each 
having a configuration similar to that described above, are 
cascaded. The drain of the transistor Ml at the first stage is 
connected to the source of the transistor M4. The drain of the 
transistor M4 is connected to the power supply voltage Vcc. 
The gate of the transistor M4 is controlled by the output 
signal provided by the controller 37. The charge pump 
output is provided via the source of the transistor M3 at the 
end stage. The high voltage Vpp is provided as the output of 
the Vpp generator 44, and applied to the Vpp switches 
40a-404 46c, 46/ via the high voltage line VPPL so as to 
raise the control gale lines CGLl, CGL2, the bit lines BLl, 
BL2, and the word lines WLl, WL2 up to the high voltage 
according to control signals. The transistor M7 discharges 
the high voltage Vpp in response to the signal provided by 
the controller 37. 

The Vpp generator 44 also includes a waveform shaping 
circuit 200, which will be described later. 

Now, the configuration of a high voltage switch shown in 
FIG. 10 will be described taking the high voltage switch 40c 
as an example. The other high voltage switches are config- 
ured in the same manner as that of the high voltage switch 
40c, and thus these will not be described. The drain of a 
transistor M5 is connected to the high voltage, and its source 
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is connected to the drain of a diode-connected transistor M6. 
The source of the transistor M5 is further connected to one 
end of a capacitor C4. The term "diode connection" refers to 
a configuration in which the gate and the drain of a transistor 
are connected to each other, forming a diode between the 5 
source and the drain. The source of the transistor M6 is 
connected to the gate of the transistor MS, and further 
connected to the bit line BLl. The other end of the capacitor 
C4 is connected to the program clock signal CLKP. Qock 
signals having the same phase are applied to the clock signal jq 
lines CLKP and CLK2. A clock signal having a phase 
opposite to those applied to lines CLKP and CLK2 is applied 
to the clock signal line CLKl (refer to FIG. 12). 

Operations of the Vpp generator 44 and of the high 
voltage switch 40c will be described below. In the Vpp 15 
generator 44 shown in FIG. 12, charges are stored in the 
capacitor CI when the clock signal CLK2 is at an L level. 
When the clock signal CLK2 rises, the charges stored in the 
capacitor CI are transferred to the c^acitor C2 via the 
transistor Ml. When the clock signal CLK2 then falls with 20 
the rising clock signal CLKl, chaiges are further stored in 
the capacitor CI. At this time, charges stored in the capacitor 
C2 are transferred to a capacitor of the following stage. In 
this operation step, no charges are transferred to the c^aci- 
tor CI since the transistor M2 acts as a diode. In this way, 25 
charges are sequentially transferred according to the clock 
signals CLKl and CLK2, and finally, a raised voltage is 
output via the charge pump output. 

In the high voltage switch 40c shown in FIG. 10, when the 
column latch 39a holds an H level and the signal BTTR is 30 
at an H level, the bit line BLl rises. In this state, when the 
signal CLKP is at an L level, the transistor MS turns on, 
whereby the capacitor C4 is charged by the high voltage Vpp 
until the transistor MS turns off. As a result, the signal CLKP 
rises, whereby the chaiges stored in the capacitor C4 are 35 
transferred to the bit line BLl via the transistor M6. As a 
result, the potential at the gate of the transistor MS con- 
nected to the bit line BLl rises, and thus the capacitor C4 is 
further charged by the high voltage until the transistor MS 
turns off (the signal CLKP is at an L level, in this state). In 40 
this way, the operation is performed repeatedly, whereby the 
bit line BLl can be raised to the high voltage Vpp according 
to the signal applied via the column latch 39a 

The other Vpp switches operate in the same manner as in 
the case of the high voltage switch 40c described above. 

The clock signals CLKl. CLK2, CLKW, CLKE, and 
CLKP are generated based on the signal from the oscillator 
45, the erase cycle signal ERS, and the program cycle 
selection signal PRS. 

50 

As described above, a high voltage is applied to the 
control gate or the drain of a memory transistor MQ via a 
selection transistor SQ. However, if the output of the high 
voltage (Vpp) switch is directly applied to the control gate 
26 or the drain 22 of a memory transistor MQ, the small time 
constant associated with the rising waveform of the output 
of the high voltage Vpp, that is, the rapid rising of the high 
voltage Vpp causes great damage to the tunneling oxide film 
48a In the worst case, the tunnelling oxide 48a will break 
down. To avoid the above problem, there is provided a ^ 
waveform shaping circuit in the Vpp generator 44, for 
properly setting the rising time constant to a rather large 
value thereby reducing the damage to the tunnelling oxide 
fihn48a 

FIG. 12 also includes the waveform shaping circuit 200. ^ 
As shown in this figure, the output voltage Vpp of the Vpp 
generator 44 is divided by the capacitors Cll and C12, and 



the divided voltage is applied as a sample signal to the 
negative input of a comparator 220 via an interconnecting 
line LI. On the other hand, the positive input of the 
comparator 220 is connected to the output of the power 
supply voltage Vcc via a switched capacitor 210 and an 
interconnecting line L2. 

The switched capacitor 210 comprises: transistors T211 
and T212 connected in series between the power supply 
voltage Vcc and the interconnecting line L2; a capacitor C14 
with one end connected to the node connecting the transis- 
tors T211 and T212 and the other end grounded; and a 
capacitor C13 coimected between the interconnecting line 
L2 and ground. A clock signal O and an inverted clock signal 
$ are applied to the gates of the transistors T211 and T212, 
respectively. The drain of the transistor T211 is connected to 
the power supply voltage Vcc. The source of the transistor 
T212 is connected to the interconnecting line L2. 

With this arrangement, waveform shaping is performed 
on the rising voltage on the interconnecting line L4 accord- 
ing to a time constant determined by the clock signal O of 
the switched capacitor 210 and the capacitors C13 and 14. 
The waveform-shaped voltage is applied as a reference 
voltage to the positive input of the comparator 220. 

The difference between this reference voltage and the 
output voltage of the above-described Vpp generator 44 is 
output as a feedback signal SF by the comparator 220. 
According to this feedback signal SF, the clock signals 
CLKl and CLK2 are controlled so that the high voltage 
output of the Vpp generator 44 may rise up at a rate similar 
to fliat of the reference voltage. 

FIG. 13 illustrates a configuration of a semiconductor 
substrate of a semiconductor integrated circuit for a micro- 
computer having a built-in EEPROM, according to a con- 
ventional technique. FIG. 13A schematically illustrates a 
layout of functional blocks on a semiconductor substrate, 
and FIG. 13B is a cross-sectional view of the semiconductor 
substrate of FIG. 13A taken along line 13B — 13B. In this 
figure, reference numeral 100 denotes a p-type semiconduc- 
tor substrate on which a semiconductor integrated circuit is 
formed. Reference numerals 101, 102, 103 denote a CPU, an 
ROM/RAM, and a UARTor an input/output portion, respec- 
tively. Reference numerals 104 and lOS denote an EEPROM 
control system. Reference numerals 107 and 108 denote an 
EEPROM memory cell array, and an EEPROM peripheral 
high voltage system, respectively. Reference numerals 110, 
111, 112 denote an n-well region, a p-type substrate region, 
a p-well region, respectively. Reference numeral 114 
denotes a twin well region consisting of the n-well region 
110 and the p-well region 112. 

The EEPROM memory cell array 107 corresponds to the 
memory cell array 31 in FIG. 8, and to four portions each 
surrounded by a broken line in FIG. 10 wherein each portion 
comprises one memory cell MC and a transistor T. The 
EEPROM peripheral high voltage system 108 corresponds 
to elements of FIG. 8 including the Vpp switches 40, 46, the 
Y-gate 35, and a portion (a high voltage portion) of the Vpp 
generator 44. The EEPROM peripheral high voltage system 
108 also corresponds to elements of FIG. 10 including the 
Vpp switches 40a-404 the Vpp switches 46c, 46/ the 
transistors T5-T18, the transistors TSl, TS2, and the tran- 
sistors T61, T62. T71, T72. The EEPROM peripheral high 
voltage system 108 also corresponds to elements of the Vpp 
generator 44 shown in FIG. 12, including the transistors 
M1-M4, M7, and the capacitors C1-C3, Cll, C12. These 
corresponding portions of FIGS. 10 and 12 are each sur- 
rounded by an alternating long and short dash line Ilia 
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The EEPROM control systems 104 and 105 correspond to 
elements of FIG. 8 including the write buffer 36, the sense 
amplifier 41, the output buffer 42, the data latch 43, the 
column decoder 33, the row decoder 32, the address latch 
34, the column latch 39, the controller 37, the timer 38, the 5 
oscillator 45, and the other portion of the Vpp generator 44. 
The EEPROM control systems 104 and 105 also correspond 
to elements of FIG. 10 including the write buffer 36, the 
sense amplifier 41, the buffers BF1-BF7, the column 
decoder 33, the row decoder 32, and the column latch 
39a-39d, The EEPROM control systems 104 and 105 also 
correspond to the portion of the waveform shaping circuit 
200 of FIG. 12 except for the capacitors CI and C12. 

Portions, which are not subjected to the application of the 
high voltage Vpp, in the CPU 101 the ROM/RAM 102, the 
UART 103, and the EEPROM control systems 104, 105 are 
formed with CMOS structures in twin well regions 114 each 
consisting of an n-well region 110 and a p-well region 112, 
as shown in FIG. 13A or 13B. On the other hand, elements 
to which the high voltage Vpp is applied such as the 
EEPROM memory cell anay 107 and the EEPROM periph- ^ 
eral high voltage system 108, are formed with NMOS 
structures on the p-type substrate region 111. It is desirable 
that the p-type substrate region 111, in which the EEPROM 
memory ceil array 107 and the EEPROM peripheral high 
voltage system 108 are formed, be surrounded by a p-well ^ 
region as shown by the broken line 112a in FIG. 13A. 

As described above, the region to which the high voltage 
Vpp is not applied is formed on the twin well region 114 
consisting of the p-well region 112 and the n-well region 110 
each formed in the p-type semiconductor substrate so that a 
high integration density may be obtained by the most 
advanced technology. Regions to which the high voltage 
Vpp is applied are formed, for example, with NMOS struc- 
tures on the p-type substrate region 111 so that the substrate 
effects may be suppressed whereby the high voltage system 
may operate successfully. Furthermore, the p-type substrate 
region 111 is surrounded by the p-well region so as to 
enhance the resistance to latchup so that latchup effects may 
be suppressed. ^ 

In the above description, a conventional technique of a 
semiconductor integrated circuit for a microcomputer hav- 
ing a built-in EEPROM has been discussed. However, for 
example in the Vpp switch 40c shown in FIG. 10, when the 
high voltage Vpp is selectively supplied to a memory cell, it 45 
is required that the amplitude of the clock signal should be 
greater than the sum of the threshold voltage Vth of the 
transistor M5 which is responsible for the selection of the 
memory cell and the threshold voltage Vth of the transistor 
M6 forming the charge pump. If this condition is not met, 50 
the high voltage Vpp does not appear at the output Since the 
amplitude of the clock signal is determined by the power 
supply voltage Vcc, if the power supply voltage Vcc 
decreases, it becomes impossible to transfer die high voltage 
Vpp to die output The threshold voltage Vth increases as the 55 
source voltage increases. Therefore, it will become more 
difficult to transfer the high voltage to the output as the 
output increases. For these reasons, the Vpp switch (high 
voltage switch) causes difficulty in reduction of the operat- 
ing voltage of a semiconductor integrated circuit. 50 

In the Vpp generator, the charge pump output of the Vpp 
generator is applied to the input of the waveform shaping . 
circuit However, there is a slight difference in voltage 
waveform between the charge pump output and the actual 
output of the Vpp switch. In this sense, the waveform 65 
shaping is not accurate. Especially when the Vpp switch has 
a high capability, die difference in voltage between the 
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charge pump output and the actual output of the Vpp switch 
becomes great. 

SUMMARY OF THE INVENTION 

An object of the present invention is to solve the above 
problems. More specifically, it is an object of the present 
invention to provide a semiconductor integrated circuit or 
the like having a Vpp switch which can operate with a low 
power supply voltage to output a high voltage Vpp. 

The above objects are achieved by the following aspects 
of the present invention. According to a first aspect of the 
present invention, there is provided a semiconductor inte- 
grated circuit comprising: an EEPROM memory cell array 
comprising a plurality of memory cells disposed in a matrix, 
each memory cell including a non- volatile memory transis- 
tor capable of electrically writing and erasing data; means 
for generating a high voltage required to write data into or 
erase data from the memory cell array; means for selectively 
supplying the high voltage to a memory cell; and means for 
controlling the above-described means so as to control 
operations of writing, reading, and erasing the memory cell 
array. Tht means for selectively supplying the high voltage 
to a memory cell includes a selection transistor, a plurality 
of charge pump transistors, the drain and the gate of each 
charge pump transistor being connected to each other, and a 
plurality of capacitors, wherein the plurality of charge pump 
transistors and the plurality of capacitors form a multi-stage 
charge pump. 

According to a second aspect of the present invention, 
there is provided a semiconductor integrated circuit com- 
prising: an EEPROM memory cell array comprising a 
plurality of memory cells disposed in a matrix, each memory 
cell including a non-volatile memory transistor capable of 
electrically writing and erasing data; means for generating a 
high voltage required to write data into or erase data from 
the memory cell array; means for selectively supplying the 
high voltage to a memory cell; and means for controUing the 
above-described means so as to control operations of writ- 
ing, reading, and erasing data. The means for selectively 
supplying the high voltage to a memory cell includes a 
selection transistor, a charge pump transistor, the drain and 
the gate of the charge pump transistor being cormecied to 
each other, and a capacitor, the charge pump transistor and 
the capacitor forming a charge pump, threshold voltages of 
the selection transistor and the charge pump transistor being 
set to different values such that the threshold voltage of the 
charge pump transistor is lower than the threshold voltage of 
the selection transistor. 

According to a third aspect of the present invention, there 
is provided a semiconductor integrated circuit comprising: 
an EEPROM memory cell array comprising a plurality of 
memory cells disposed in a matrix, each memory cell 
including a non- volatile memory transistor capable of elec- 
trically writing arid erasing data; means for generating a high 
voltage required to write data into or erase data from the 
memory cell array; means for selectively supplying the high 
voltage to a memory cell; and means for controlling the 
above-described means so as to control operations of writ- 
ing, reading, and erasing data. The means for selectively 
supplying the high voltage to a memory cell includes a 
selection transistor for performing selection, a plurality of 
charge pump transistors, the drain and the gate of each 
charge pump transistor being connected to each other, and a 
plurality of capacitors, the plurality of charge pump transis- 
tors and the plurality of capacitors forming a multi-stage 
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charge pump, threshold voltages of the selection transistors 
and the charge pump transistors being set to different values 
such that the threshold voltages of the charge pump transis- 
tors are lower than the threshold voltages of the selection 
transistors. 5 

According to a fourth aspect of the present invention, 
there is provided a semiconductor integrated circuit com- 
prising: an EEPROM memory cell array comprising a 
plurality of memory cells disposed in a matrix, each memory 
cell including a non- volatile memory transistor capable of jq 
electrically writing and erasing data; means for generating a 
high voltage required to write data into or erase data from 
the memory cell array; means for selectively supplying the 
high voltage to a memory cell; means for shaping a wave- 
form of the high voltage so that the high voltage is prevented 
from rising too quickly; and means for controlling the 
above-described means so as to control operations of writ- 
ing, reading, and erasing data The means for shaping the 
waveform receiving a high voltage which has passed 
through the means for selectively supplying the high volt- 
age, the means for shaping the waveform performing the 20 
waveform-shaping based on the received high voltage. 

According to aiifth aspect of the present invention, there 
is provided a semiconductor integrated circuit accorc^g to 
the fourth aspect, wherein the means for shaping a waveform 
includes a dunouny circuit of the means for selectively supply 25 
the high voltage, the dummy circuit being used only to 
supply a high voltage to the input of the means for shaping 
a waveform. 

According to a sixth aspect of the present invention, there 
is provided a semiconductor integrated circuit according to 
the fourth aspect, wherein the semiconductor integrated 
circuit further comprises high voltage detection means for 
detecting the largest of the high voltages which have passed 
through the means for selectively supplying a high voltage, 
the high voltage detection means supplying the detected 
largest high voltage to the input of the means for shaping a 
waveform. 

In the Vpp switch, which acts as means for selectively 
supplying a high voltage to a memory cell, according to the ^ 
first aspect of the present invention, tiiere is provided a 
multi-stage charge pump wherein each stage comprises a 
capacitor and a transistor whose drain and gate are con- 
nected to each other (in a form of diode-connection) so that 
the charging capability is enhanced, whereby the Vpp switch 
can operate with a lower power supply voltage Vcc. 

In the Vpp switch, which acts as means for selectively 
supplying a high voltage to a memory cell, according to the 
second aspect of the present invention, the threshold voltage 
Vth of a diode-connected charge pump transistor is set to a 50 
value lower than the threshold voltage Vth of an on/off 
selection transistor (in a multi-Vth fashion), such that the 
threshold voltage of the diode-connected transistor is set to 
a low value while maintaining the operation capability of the 
selection transistor, thereby enhancing the charging capabil- 55 
ity, whereby the Vpp switch can operate with a low power 
supply voltage Vcc. 

In the third aspea of the present invention, the first and 
second aspects of the present invention are combined such 
that a Vpp switch, which acts as means for selectively 60 
supplying a high voltage to a memory cell, comprises a 
multi-stage charge pump, and furthermore the threshold 
voltage Vth of a diode-connected chaise pump transistor is 
set to a value lower than the threshold voltage Vth of an 
on/off selection transistor, thereby further enhancing the 6S 
charging-up c^ability, whereby the Vpp switch can operate 
with a lower power supply voltage Vcc. 



In the fourth through sixth aspects of the present inven* 
tion, a slight difference between the voltage generated by a 
charge pump of high voltage generation means and the 
output voltage of a Vpp switch, especially a rather large 
difference occurring when the charging capability of the Vpp 
switch is enhanced, is suppressed by employing the output 
of the Vpp switch as a monitoring point of waveform 
shaping means for preventing the high voltage from rising 
too quickly, whereby more accurate waveform shaping can 
be achieved. Especially in the fiftii aspect of the present 
invention, a high voltage generation means includes a 
dummy Vpp switch which is used only to provide feedback 
of the high voltage. Furthermore, in the sixth aspect of the 
present invention, there is provided high voltage detection 
means for detecting the greatest high voltage among all lines 
having a Vpp switch in a memory cell array, wherein the 
detected greatest high voltage is fed back to the input of the 
waveform shaping means so that waveform shaping is based 
on the fed-back signal, thereby ensuring tiiat the high 
voltage may be prevented from rising too quickly. 

BRIEF DESCaUPnON OF THE DRAWINGS 

FIG. 1 is a circuit diagram illustrating the configuration of 
a peripheral portion of an EEPROM memory cell array in a 
semiconductor integrated circuit according to a first embodi- 
ment of the present invention; 

FIG. 2 is a circuit diagram illustrating the configuration of 
a Vpp generator in a semiconductor integrated circuit 
according to the present invention; 

FIG. 3 is a circuit diagram illustrating the configuration of 
a peripheral portion of an EEPROM memory cell array in a 
semiconductor integrated circuit according to a second 
embodiment of the present invention; 

FIG. 4 is a circuit diagram illustrating the configuration of 
a peripheral portion of an EEPROM memory cell array in a 
semiconductor integrated circuit according to a third 
embodiment of the present invention; 

FIG. 5 is a circuit diagram illustrating the configuration of 
a Vpp generator in a semiconductor integrated circuit 
according to a fourth embodiment of the present invention; 

HG. 6 is a circuit diagram illustrating the configuration of 
a peripheral portion of an EEPROM memory cell array in a 
semiconductor integrated circuit according to a fifth embodi- 
ment of the present invention; 

FIG. 7 is a block diagram illustrating a general configu- 
ration of a conventional microcomputer having a built-in 
EEPROM for use in an IC card; 

FIG. 8 is a block diagram illustrating a general configu- 
ration of the EEPROM of FIG. 7; 

FIG. 9A is a cross-sectional view of one memory cell of 
a memory cell array of the EEPROM of FIG. 8; 

FIG. 9B is a circuit diagram illustrating an equivalent 
circuit of the memory cell of FIG. 9A; 

FIG. 10 is a circuit diagram illustrating the configuration 
of a peripheral portion of the EEPROM memory cell array 
of HG. 8; 

FIG. 11 is a timing chart illustrating various signals 
relating to writing operation of an EEPROM; 

FIG. 12 is a circuit diagram illustrating the configuration 
of a Vpp generator of FIG. 7; 

FIG. 13A is a schematic diagram illustrating a layout of 
functional blocks on a semiconductor substrate of a semi- 
conductor integrated circuit for use in a microcomputer 
having a built-in EEPROM; and 
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FIG. 13B is a cross-sectional view of the semiconductor 
substrate of FIG. 13A taken along line 13B— 13B. 

DESCRIPTION OF THE PREFERRED 

EMBODIMENTS 5 

EMBODIMENT 1 

FIG. 1 is a circuit diagram illustrating a circuit configu- 
ration of a peripheral portion of an EEPROM memory ceil lO 
array in a semiconductor integrated circuit according to the 
first aspect of the present invention. Basically, the general 
configuration of the EEPROM of the semiconductor inte- 
grated circuit according to the present invention is the same 
as that of the EEPROM according to the conventional 15 
technique shown in FIG. 8. The general configuration of the 
semiconductor integrated circuit according to the present 
invention is also basically the same as that of the integrated 
circuit according to the conventional circuit shown in FIG. 
7 or 13. 20 

In FIG- 1, there are shown Vpp switches 400a-40<ki 
4606, and 460/ which correspond to the conventional Vpp 
switches 40a-4Qd, 46e, and 46/ respectively, shown in FIG. 
10. The other portion is basically the same as that according 
to the conventional technique. Since the Vpp switches ^ 
400a-400J, 460e, and 460/have the same configuration, the 
following description will deal with only the Vpp switch 
400c. 

There is provided a selection transistor M50 responsible 
for a selection in the operation of selectively supplying a ^ 
high voltage to a memory cell. There are also provided 
charge pump transistors M60, M70, and capacitors C40, 
C50, which form a charge pump consisting of a plurality of 
stages (two stages, for example). The transistor M60 is 
diode-connected, and its source is connected to the transistor 
M70 whose gate and source are directly cormected to each 
other. The source of the transistor M70 is coimected to the 
bit line BLl. A clock signal CLKP2 is applied via the 
capacitor C50 to the node which coimects the transistors 
M60 and M70, wherein the clock signal CLK2 has an 
opposite phase to that of a clock signal CLKP applied to the 
capacitor C40. The gate of the transistor M50 is connected 
to the bit line BLl. That is, the Vpp switch of the present 
embodiment includes a charge pump consisting of a plural- 
ity ofstages so that enhanced charge pump performance may 
be obtained. 

FIG. 2 illustrates the circuit configuration of the Vpp 
generator (high voltage generator) 44 for use in the semi- 
conductor integrated circuit according to the present inven- ^ 
tion (refer to FIG. 8). The Vpp generator 44 differs finom the 
conventional one shown in FIG. 12 in that there are provided 
additional portions for generating clock signals CL1CW2, 
CLKE2, CLKP2 each having a phase opposite to the phase 
of respective clock signal CLKW, CLKE, CLKP. 

The EEPROM memory cell array includes memory cells 
MCI, MC2, MC3. and MC4 shown in HG. 1. The high 
voltage generation means includes the portion shown in 
FIG. 2. The means for selectively supplying a high voltage 
includes the Vpp switches iWa-^Wki 460e, and 460/ ^ 
shown in FIG. 1. The control means includes the EEPROM 
control systems 104 and 105 including portions except for 
the EEPROM memory cell array and except for the high 
voltage supplying means of FIG. 1. 

The operation of the Vpp switch, which is one of features 65 
of the present invention, will be described below taking the 
Vpp switch 400c of FIG. 1 as an example. In the Vpp switch 
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400c, when the column latch 39a has an H level, and the bit 
signal transfer control signal BTTR is at an H level, the bit 
line BLl rises. In this state, if the clock signal CLKP is at 
an L level, the transistor M50 turns on. As a result, the 
capacitor C40 is charged by the high voltage Vpp until the 
transistor M50 turns off". Then, the clock signal CLKP rises, 
and the opposite-phase clock signal CLKP2 falls, whereby 
the charges stored in the capacitor C40 are transferred to the 
capacitor C50 via the transistor M60 until the transistor M60 
turns off. When the clock signal CLKP2 then rises, the 
charges stored in the capacitor C50 flow out into the bit line 
BLl via the transistor M70 until the transistor M70 turns off. 
As a result of this, the potential of the gale of the transistor 
M50 connected to the bit line EU rises, whereby the 
capacitor C40 is further charged by the high voltage Vpp 
imtil the transistor M50 tums off. 

In the above operation, the clock signals CLKP and 
CLKP2 having an amplitude equal to Vcc raise the voltage 
via the capacitors C40 and C50, and voltage loss occurs due 
to the threshold voltages Vth of the transistors M50, M60, 
and M70. From the above rough estimation, it can be seen 
that the high voltage Vpp can appear at the output of the Vpp 
switch when 2 Vcc >3 Vth. Compared to the conventional 
Vpp switch which can transmit a high voltage when Vcc >2 
Vth, the Vpp switch of the present invention can transmit a 
high voltage with lower power supply voltage. This means 
that the Vpp switch of the present invention can operate with 
a lower power supply voltage Vcc. 

EMBODIMENT 2 

FIG. 3 is a circuit diagram illustrating a circuit configu- 
ration of a peripheral portion of an EEPROM memory cell 
array in a semiconductor integrated circuit according to the 
second aspect of the present invention. In this embodiment, 
the threshold voltage Vth of the selection transistor of each 
Vpp switch is set to a value different from that of the charge 
pump transistor, wherein the threshold voltage Vth of the 
charge pump transistor is set to a value lower than the 
threshold voltage Vth of the selection transistor, so that 
enhanced charge pump performance may be achieved. In 
FIG. 3, the Vpp switches according to the present embodi- 
ment are denoted by reference numerals 410a-410J, 470e, 
and 470/ The other portions are basically the same as those 
according to the conventional technique. Since the Vpp 
switches 410a-410^, 470e, and 471^ have the same con- 
figuration, only the Vpp switch 410c will be described 
below. 

There is provided a selection transistor MSI responsible 
for the.selection in the operation of selectively supplying a 
high voltage to a memory cell. There are also provided a 
charge pump transistor M61 and a capacitor C40, which 
form a charge pump. The transistor M61 is diode-connected, 
and its source is connected to the bit line BLl, The threshold 
voltage Vth of the selection transistor MSI is set to such a 
value that the selection transistor MSI may completely turn 
off when the bit line BLl is at an L level. The threshold 
voltage Vth of the charge pump transistor M61 is set to a low 
value so that the capability of transferring the high voltage 
Vpp to the bit line BLl may be enhanced. 

If the threshold voltage Vth of the selection transistor 
MSI is set to Vthl, and that of the charge pump transistor 
M61 is set to Vth2. then it is possible to transfer the high 
voltage Vpp when VcoVthl+Vth2. From the above, it can 
be seen that if the threshold voltage Vth2 of the charge pump 
transistor M61 is set to a sufiBciently low value, then it is 
possible to operate with a lower power supply voltage Vcc. 
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EMBODIMENT 3 

FIG. 4 is a circuit diagram illustrating a circuit configu- 
ration of a peripheral portion of an EEPROM memory cell 
array in a semiconductor integrated circuit according to the ^ 
third aspect of the present invention. In a Vpp switch of the 
present embodiment, there is provided a charge pump com- 
prising a plurality of stages (two stages, for example), and 
furthermore, the threshold voltage Vth of the selection 
transistor is set to a value different from that of the charge 
pump transistor, wherein the threshold voltage Vth of the 
charge pump transistor is set to a value lower than the 
threshold voltage Vth of the selection transistor, so that 
further enhanced charge pump performance may be 
achieved. In FIG. 4, the Vpp switches according to the 
present embodiment are denoted by reference numerals 
420a-420(f. 480e, and 480/ Hie other portions are basically 
the same as those according to the conventional technique. 
Since the Vpp switches 420a-4204 480^, and 480/have the 
same configuration, only the Vpp switch 420c will be 
described below. 

In this embodiment, transistors M61, M71, and capacitors 
C40, C50 form a multi-stage (two stage, for example) charge 
pump, and furthermore, the threshold voltage of the selec- 
tion transistor M51 is set to a value diflferent from those of 25 
the charge pump transistors M61, M71. If the threshold 
voltage Vth of the selection transistor MSI is set to Vthl, 
and those of the charge pump transistors M61 and M71 axe 
set to Vth2, then it is possible to transfer the high voltage 
Vpp when 2VcoVthl+2Vth2. This means that if the thresh- 
old voltages Vth2 of the charge pump transistors M61 and 
M71 are low enough, then it is possible to operate with a 
lower power supply voltage Vcc. 

In embodiments 1 and 3, the charge pump comprises two 
stages. However, the present invention is not so limited. The 35 
charge pump may comprise an arbitrary number of stages. 

EMBODIMENT 4 

FIG. 5 illustrates the circuit configuration of a Vpp 
generator (refer to FIG. 8) in a semiconductor integrated 40 
circuit according to the fourth and fifth aspects of the present 
invention. A waveform shaping circuit 200 acting as wave- 
form shaping means is a circuit which performs waveform 
shaping of a high voltage waveform so as to prevent the 
output of the Vpp switch from rising too quickly. In the 45 
conventional Vpp generator, as shown in FIG. 12, the 
waveform shaping is performed based on the feedback 
signal from the output of the charge pump comprising the 
transistors M1-M4, M7, and the capacitors C1-C3. How- 
ever, there is a slight difference in voltage waveform so 
between the charge pump output and the actual output of the 
Vpp switch. As described above, especially when the charge 
pump capability of the Vpp switch is enhanced, the differ- 
ence in voltage bet^yeen the charge pump output and the 
actual output of the Vpp switch becomes large. If the output 55 
of the Vpp switch is monitored and applied to the input (the 
capacitor Cll) of the waveform shaping circuit 200, then 
more accurate waveform shaping can be achieved. In view 
of the above, in the Vpp generator of this embodiment, there 
is provided a dummy Vpp svntch 400 \Mch is a dummy 60 
circuit used only for providing an input signal to the wave- 
form shaping circuit 200, thereby achieving more accurate 
waveform shaping. 

EMBODIMENT 5 

65 

FIG. 6 is a circuit diagram illustrating a circuit configu- 
ration of a peripheral portion of an EEPROM memory cell 
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array in a semiconductor integrated circuit according to the 
sixth aspect of the present invention. As the fourth embodi- 
ment, this embodiment can also provide more accurate 
waveform shaping. In this embodiment, instead of a dummy 
Vpp switch, there are provided output detection transistors 
T101-T106 (high voltage detection means) as shown in 
FIG. 6, wherein aU bit lines BLl, BL2 extending in the 
memory cell array in the vertical direction, all control gate 
lines CGLl, CGL2 (four lines in the case of FIG. 6), and all 
word lines WLl, WL2 (six lines in the case of FIG. 6) have 
their own detection transistor for detecting the output of a 
Vpp switch connected to the respective lines. These output 
detection transistors T101-T106 are connected in parallel so 
that the highest output of the detected outputs may be 
employed as a detection output 500 which is supplied to the 
input of the waveform shying circuit 200 (via the capacitor 
Cll) instead of the output of the dummy Vpp switch. With 
this arrangement, the output of a Vpp switch which gener- 
ates the highest ou^ut is fed back. Waveform shaping is 
performed based on this fed-back signal, thereby ensuring 
that quick rising of the high voltage may be suppressed. 

As described above, in the Vpp switch acting as means for 
selectively supplying a high voltage to a memory cell 
according to the first aspect of the present invention, there is 
provided a multi-stage charge pump wherein each stage 
comprises a capacitor and a transistor whose drain and gate 
are connected so that the charging capability is enhanced, 
whereby the high voltage Vpp may be transferred with a 
lower power supply voltage Vcc. Thus, the first aspect of the 
present invention provides a semiconductor integrated cir- 
cuit which can operate with a lower power supply voltage 
Vcc. 

In the Vpp switch acting as means for selectively sup- 
plying a high voltage to a memory cell, according to the 
second aspect of the present invention, the threshold voltage 
Vth of a diode-connected charge pump transistor is set to a 
value lower than the threshold voltage Vth of an on/off 
selection transistor, such that the threshold voltage of the 
diode-connected transistor is set to a low value while 
maintaining the operation capability of the selection tran- 
sistor, thereby increasing the charging capabOity. As a result, 
the high voltage Vpp can be transferred with a lower power 
supply voltage Vcc. Thus, the second aspect of the present 
invention provides a semiconductor integrated circuit which 
can operate with a lower power supply voltage Vcc. 

In the third aspect of the present invention, the first and 
second aspects of the present invention are combined such 
that a Vpp switch, acting as means for selectively supplying 
a high voltage to a memory cell, comprises a multi-stage 
charge pump, and furthermore the threshold voltage Vth of 
a diode-coimected charge pump transistor is set to a value 
lower than the threshold voltage Vth of an on/off selection 
transistor, thereby further enhancing the charging capability. 
Thus, the third aspect of the present invention provides a 
semiconductor integrated circuit which can operate with a 
lower power supply voltage Vcc. 

In the fourth through sixth aspects of the present inven- 
tion, a slight difference between the voltage gen^ated by a 
charge pump of high voltage generation means and the 
output voltage of a Vpp switch, especially a rather large 
difference occurring when the charging-up capability of the 
Vpp switch is enhanced, is suppressed by employing the 
output of the Vpp switch as a monitoring point of waveform 
shying means for preventing the high voltage firom rising 
too quickly, whereby more accurate waveform shaping can 
be achieved. Thus, these aspects of the present invention 
provide a semiconductor integrated circuit having higher 
reliability. 
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Especially in the fifth aspect of the present invention, the 
above purposes may be readily achieved simply by adding 
a dummy Vpp switch to high voltage generation means, 
wherein the dummy Vpp switch is used only to provide 
feedback of the high voltage. s 

In the sixth aspect of the present invention, there is 
provided high voltage detection means for detecting the 
highest voltage of all lines having a Vpp switch in a memory 
cell amy, wherein the detected voltage is fed back to the 
input of waveform shaping means so that waveform shaping 
may be done based on the fed-back signal, thereby ensuring 
that the high voltage is prevented from rising too quickly. 
Thus, the sixth aspect of the present invention provides a 
semiconductor integrated circuit having higher reliability. 

What is claimed is: 15 

1. A semiconductor integrated circuit comprising: 

an EEPROM memory cell array comprising a plurality of 
memory cells disposed in a matrix, each memory cell 
including a non-volatile memory transistor for electh 
cally writing and erasing data; 

means for generating a high voltage required to write data 
into and erase data from said memory cell array; 

means for selectively supplying the high voltage to a 
memory cell; and 25 

means for controlling said means for generating and said 
means for selectively supplying to control writing data 
into, reading data from, and erasing data from the 
memory cell array, said means for selectively supplying 
the high voltage to a memory cell including a plurality 30 
of switches, each switch having: 
a selection transistor; 

a plurality of charge pump transistors, each charge 
pump transistor having a drain and a gate connected 
to each other, at least one of the charge pump 35 
transistors being connected to said selection transis- 
tor; and 

a plurality of capacitors, wherein said plurality of 
charge pump transistors and said plurality of capaci- 
tors form a multi-stage charge pump. 40 

2. A semiconductor integrated circuit comprising: 

an EEPROM memory cell array comprising a plurality of 
memory cells disposed in a matrix, each memory cell 
including a non-volatile memory transistor for electri- 
cally writing and erasing data; 

means for generating a high voltage required to write data 
into and erase data from said memory cell array; 



means for selectively supplying the high voltage to a 
memory cell; and 

means for controlling said means for generating and said 
means for selecdvely supplying to control writing data 
into, reading data from, and erasing data from the 
memory ceU array, said means for selectively supplying 
the high voltage to a memory cell including: 

a selection transistor, 

a charge pump transistor having a drain and a gate 
connected to each other; and 

a capacitor, said charge pump transistor and said capacitor 
forming a charge pump, said selection transistor being 
coupled to the charge pump, threshold voltages of said 
selection transistor and said charge pump transistor 
being different, with the threshold voltage of said 
charge pump transistor being lower than the threshold 
voltage of said selection transistor. 

3. A semiconductor integrated circuit comprising: 

an EEPROM memory cell array comprising a plurality of 
memory cells disposed in a matrix, each memory cell 
including a non-volatile memory transistor for electri- 
cally writing and erasing data; 

means for generating a high voltage required to write data 
into and erase data from said memory cell array; 

means for selectively supplying the high voltage to a 
memory cell; and 

means for controlling said means for generating and said 
means for selectively supplying to control writing data 
into, reading data from, and erasing data from the 
memory cell array, said means for selectively supplying 
the high voltage to a memory cell including: 

a selection transistor, 

a plurality of charge pump transistors, each charge pump 
transistor having a drain and a gate cormected to each 
other, at least one charge pump transistor being con- 
nected to said selection transistor; and 

a plurality of capacitors, said plurality of charge pump 
transistors and said plurality of capacitors forming a 
multi-stage charge pump, threshold voltages of said 
selection transistors and said charge pump transistors 
being different, with the threshold voltages of said 
charge pump transistors being lower than the threshold 
voltages of said selection transistors. 
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SEMICONDUCTOR INTEGRATED CIRCUIT 

DEVICE INCLUDING A VOLTAGE 
GENERATOR FOR PROVIDING DESIRED 
INTERVAL INTERNAL VOLTAGES 



BACKGROUND OF THE INVENTION 

This invention relates to a semiconductor integrated cir- 
cuit device and, more particularly, to a technique effective 
for use in a semiconductor integrated circuit device such as 
a collectively erasable nonvolatile memory device (flash 
EEPROM (Electrically Erasable And Progranmiable Read- 
only Memory)) having internal voltages of a plurality of 
types. 

The flash EEPROM is a nonvolatile memory device 
having a cq)ability of electrically erasing all of the memory 
cells of an array or only a selected block of the memory cells 
formed on a chip at a time. Such a flash EEPROM is 
described in 'IEEE International Solid-Stale Circuits Con- 
ference " pp. 152 and 153, 1980 and **IEEE International 
Solid-State Circuits Conference," pp. 76 and 77, 1987, and 
"IEEE, J. SoHd-State Circuits." Vol 23, pp. 1157 to 1163. 
1988, for example. 



SUMMARY OF THE INVENTION 

We have developed a memory transistor having a control 
gate and a floating gate in which a program operation is also 
performed by a tunnel current and, contrary to a conven- 
tional memory transistor, a charge is injected into the 
floating gate to raise a threshold voltage over a select level 
of a word line for an erase operation. In this novel consti- 
tution, for the erase operation for the memory transistor, the 
threshold voltage is higher than the word line select level. 
Therefore, unlike the conventional memory transistor in 
which the charge of the floating gate is pulled out into a 
substrate side to lower the threshold voltage, the novel 
memory transistor protects other memory cells £rom being 
made unreadable by an excess erasure that puts the transistor 
in the depletion mode, turning on the word line although it 
is at the deselected level 

However, for a memory transistor such as the novel 
memory transistor in which a program operation is per- 
formed by the tunnel current, it is necessary to minimize the 
voltage which is applied to a drain of the memory transistor 
at a read operation, thereby preventing an erroneous erasure 
from being caused by the tunnel current generated by the 
read operation. Thus, the memory transistor in which the 
program operation is performed by the tunnel current 
requires setting an operating voltage with precision. This in 
turn requires a drcuit for forming many types of voltages on 
a semiconductor integrated circuit. 

It is therefore an object of the present invention to provide 
a semiconductor integrated circuit device having a power 
supply circuit capable of forming internal voltages of a 
plurality of types with precision and high efficiency. 

It is another object of the present invention to provide a 
semiconductor integrated circuit device having a flash non- 
volatile memory circuit permitting efficient program and 
erase operations. 

The above and other objects, features and advantages of 
the present invention will become more apparent from the 
accompanying drawings, in which like reference numerals 
are used to identify the same or similar parts in several 
views. 
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In carrying out the invention and according to one aspect 
thereof, there is provided a semiconductor integrated circuit 
device having a power supply circuit comprising a charge 
pump circuit for forming a step-up (boost) voltage by a 
desired internal voltage, a voltage dividing circuit for form- 
ing divided voltages of a plurality of types based on a 
reference voltage, and a controlling circuit for intermittently 
operating the charge pump circuit such that an output 
voltage of the charge pump circuit becomes a voltage 
obtained by multiplying a particular voltage among the 
divided voltages by n and becomes a desired internal voltage 
obtained by adding predetermined divided voltages. 

According to the above-mentioned constitution, a voltage 
obtained by multiplying the reference voltage by n is com- 
bined with a fine-adjusting voltage formed by dividing the 
obtained voltage, thereby efficiently forming a stable, 
desired voltage. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a block diagram illustrating a voltage generator 
practiced as one preferred embodiment of the invention; 

FIG. 2 is a circuit diagram illustrating a reference voltage 
generator of FIG. 1 practiced as one preferred embodiment 
of the invention; 

FIG. 3 is a circuit diagram illustrating a voltage divider of 
FIG. 1 practiced as one preferred embodiment of the inven- 
tion; 

FIG. 4 is a circuit diagram illustrating a power supply 
circuit of FIG. 1 practiced as one preferred embodiment of 
the invention; 

FIG. 5 is a circuit diagram illustrating the power supply 
circuit of FIG. 1 practiced as another embodiment of the 
invention; 

FIG. 6 is a circuit diagram illustrating the power supply 
circuit of FIG. 1 practiced as still another embodiment of the 
invention;. 

FIG. 7 is a circuit diagram illustrating a selector control 
circuit, trimming circuits, and a selector circuit practiced as 
one preferred embodiment of the invention; 

FIG. 8 is a circuit diagram illustrating a latch circuit of 
FIG. 7 practiced as one preferred embodiment of the inven- 
tion; 

FIG. 9 is a cinniit diagram illustrating a fuse circuit of 
FIG. 7 practiced as one preferred embodiment of the inven- 
tion; 

FIG. 10 is a timing chart describing operations of the 
circuits of FIG. 7; 

FIG. 11 is a block diagram illustrating the voltage gen- 
erator associated with the invention and practiced as another 
preferred embodiment thereof, 

FIG. 12 is a circuit diagram illustrating a voltage con- 
verter of FIG. 11 practiced as one preferred embodiment of 

the invention; 

FIG. 13 is a circuit diagram illustrating a comparator of 
FIG. 11 practiced as one preferred embodiment of the 
invention; 

FIG. 14 is a circuit diagram illustrating a voltage divider 
of RG. 11 practiced as one preferred embodiment of the. 
invention; 

FIG. 15 (A) and (B) are voltage characteristics diagrams 
for desciibing the invention; 

FIG. 16 is another voltage characteristics diagram for 
describing the invention; 
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FIG. 17 (A) and (B) are other voltage characteristics 
diagrams for describing the invention; 

FIG. 18 is a voltage characteristics diagram for describing 
operations of the flash memory associated with the inven- 
tion; 

FIG. 19 is a block diagram illustrating a collectively 
erasable nonvolatile memory device associated with the 
invention and practiced as one embodiment of the invention; 

FIG. 20 (A), (B) and (C) are sectional views describing 
operations of the collectively erasable nonvolatile memory 
device of FIG. 19; and 

FIG. 21 (A) and (B) are sectional views describing 
operations of another memory transistor of FIG. 19. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Hiis invention will be described in further detail by way 
of example with reference to the accompanying drawings. 

FIG. 19 shows the block diagram illustrating collectively 
erasable nonvolatile memory device (hereinafter referred to 
as a flash memory) associated with the invention and prac- 
ticed as one preferred embodiment thereof. For easier under- 
standing of the invention, a memory array portion MAR is 
illustrated typically in a constitution of a plurality of 
memory cells. Each of the circuit blocks and each of the 
circuit elements of FIG. 19 are formed on a single semi- 
conductor substrate such as a single silicon crystal by means 
of known semiconductor integrated circuit marmfacturing 
techniques. 

The flash memory according to the present invention has 
two power supply terminals VCCT and GNDT. The terminal 
GNDT is supplied with a circuit reference voltage GND (0 
V for example), while the terminal VCCT is supplied with 
a supply voltage VCC (3 V for example) higher than the 
circuit reference voltage. The flash memory according to the 
present invention, based on the above-mentioned two volt- 
ages VCC and GND, generates internal voltages of a plu- 
rality of types with precision. 

In FIG. 19, an X-address signal AX is entered in an 
X-address buffer XADB. The address signal captured in the 
X-address buffer XADB is interpreted by an X decoder 
SDC. Word lines Wlil through Wlim are selected by a word 
line select driver WDBi provided for each block composed 
of m memory cells. A drain conunon to memory cells Mil 
through Mim of the above-mentioned block is connected to 
a data line Dlj via a select MOSFET (Metal-Oxide Semi- 
conductor Field-Effea Transistor) (Jdi. A source common to 
the memory cells Mil through Mim of the block is connected 
to a common source line CSL via select MOSFET Qsi. Th& 
select MOSFET Qdi and Qsi are supplied with a select 
signal by a main word line select driver SDCBi. 

Because potentials of the main word line Wdi to be 
connected to a gate of the select MOSFET and potentials of 
the word line Wlil through Wlim to be connected to a control 
gate of the memory cells are different for program, erase, 
and read operations, the word line select driver WDBi has 
output circuits for putting out select/desdea levels of volt- 
ages corresponding to the operation modes. 

In the memory array MAR, a memory cell is provided at 
an intersection between eadi word line and each data line as 
mentioned above. However, the data line Dlj is connected to 
the drain of the plurality of memory cells Mil through Mim 
via the select MOSFET Qdi. Likewise, the source of the 
memory ceUs Mil through Mim constituting one block is 
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connected to the source line CSL via the select MOSFET 
Qsi. 

The data line is cormected to a sense latch SL. The sense 
latch SL senses a high level or a low level of the data line 
and latches the data line to a sensed level. For a sense 
amplifier for the sense latch SL, a circuit goaerally similar 
to a CMOS sense amplifier such as used for a known 
dynamic RAM is used, but the invention is not limited 
thereto. Namely, the sense amplifier for the latch SL is 
composed of a pair of CMOS inverters with their inputs and 
outputs cross-connected and a power switch for supplying 
an operating voltage and a ground voltage to the plur^ty of 
CMOS inverters. 

The sense latch SL is also used as a register for holding 
program data. Namely, the sense latch is cormected to an 
input/output line via a colunrn switch and, in a read opera- 
tion, data selected by the column switch is sent via the 
input/output line to a serial amplifier SA and data output 
circuit DOB to be outputted from an input/output terminal 
I/O. In a program operation, program data serially entered 
from the input/output terminal I/O is sent to the input/output 
line via an input buffer DIB to be captured in the sense latch 
SL via the column switch, the latch SL operating as a latch 
circuit corresponding to the data line. When the data have all 
been captured, the captured data are sent to corresponding 
data lines simultaneously for the program operation. 

The column switch is interpreted by a Y decoder YDCB 
that receives an output signal of a Y address buffer YADB 
that receives a Y address signal AY. An input/output node of 
the sense amplifier is cormected to the input/output line by 
a select signd formed by the Y decoder. A column decoder 
has an address counter to which an initial value is set by the 
Y address signal AY, but the invention is not limited thereto. 
The address counter counts a serial clock SC to generate a 
continuous Y address, thereby forming a column switch 
select signal. The program data to be serially entered is 
entered in synchronization with the above-mentioned serial 
clock, and read data to be serially outputted is outputted in 
synchronization with the serial clock. 

A controller CNT receives a chip enable signal /CE (it 
should be noted herein that a slash before a signal name 
indicates that the signal is an active-low signal, which is 
conventionally represented by a bar over a signal name; in 
the accompanying drawing, however, the conventional bar is 
used for the same purpose), an output enable signal /OE, a 
program enable signal fVfE, and the serial clock SC to 
generate a variety of tinting signals required far internal 
operations. 

In HG. 19, a voltage generator VPS generates voltages 
necessary for erasing, writing, and reading the above-men- 
tioned memory cells. That is, the generator VPS supplies 
voltages VEG, VEV, V WG and VWV to die word line select 
driver WDBi and a voltage VWS to die main word line 
select driver SDCBi. Further, the generator VPS supplies a 
voltage VWD to the sense latch SL and a voltage SVC to a 
source line voltage supply circuit SVC. 

Now, referring to FIGS. 20(A), (B) and (Q, there are 
shown sectional views for describing operations of the flash 
memory associated with the present invention. FIG. 20 (A) 
shows an erase state. Here, die flash memory has a stack gate 
structure with a gate insulation film between a floating gate 
and a semiconductor substrate made up of a thin oxide film 
(about 8.5 nm) so that a tuimel current flows through it. For 
reference, agate oxide film between the floating gate and a 
control gate is thicker (about 15 nm) than the above- 
mentioned gate oxide filnL In an erase operation, VEG is 
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applied to the control gate and VDE is applied to a source low potential as small as about 1 V, thereby preventing a soft 

region and the substrate. This generates an electric field high program operation from being performed by the flowing of 

enough for causing the flow of the tunnel current between the tunnel current caused by the read voltage VDL and the 

the substrate and the floating gate, electrons being injected select voltage VOC. 

from the substrate sidie to the floating gate. This turns off the 5 FIG. 21 (A) shows a program state. The V WG is applied 

flash memory, in the erase state, for a select level of the word to the control gate and the FWD is applied to the drain 

line. Meanwhile, a drain region is opened, the supply voltage region. When no program operation is performed, 0 V is 

VCC is applied to an n-well region that substantially pro- applied to the drain region. The voltage VWD of the control 

vides a substrate, and the circuit ground GND such as 0 V gate is -9.5 V and the voltage VWD of the drain region is 

is applied to an intrinsic substrate p-SUB. lO 4.5 V. This generates an electric field high enough for 

In the memory array MAR of FIG. 19, a plurality of flowing a tunnd current between the floating gate and the 

memory cells like Mil through Mim are collected into a drain region, thereby charging electrons firom the floating 

single block to make the drain region and the source region g^te to the drain region. The deselected word line is set to the 

common to the memory cells. Hie select MOSFET Qdi is (+3 V); therefore the tunnel current is prevented fi:om 

provided between the conmion drain region and the data line 15 being flowing if the drain voltage VWD of the deselected 

DLj. The select MOSFET Qdi on the drain region side is memory cell having the conunon drain region is given. . 

turned off when 0 V is applied to the gate in the above- FIG. 21 (B) shows a program verify state. The VWV is 

mentioned erase operation. This opens all drain regions of applied to the control gate and the VDL is applied to the 

the memory cells Mil through Mim. The select MOSFET drain region. The circuit ground potential is given to the 

Qsi on the source region side is turned on when a high level 20 source region and the p-wdl region. If the drain current ID 

CW) is applied to the gate in the erase operation. Therefore, does not flow for the above-mentioned VWV, it is deter- 

the above-mentioned voltage VED is given between the mined that its threshold voltage is higher than the voltage 

common source region and the substrate p-well region. VWV, resulting in insufficient programming. Therefore, the 

The above-mentioned constitution in which the memory program operation of FIG, 21 (A) is performed again to 

ceUs are put into blocks, each block being connected to the ^ make the threshold voltage in the program state be lower 

data line via the select MOSFET and connected to the the VWV. Repeating the program verify operation and 

conmion source line can reduce a stress to deselected the program operation prevents the depletion mode from 

memory cells. That is, a memory cell with the word line being caused by an excess progranuning. 

selected and the data line deselected or a memory cell with Referring to FIG. 1, there is shown a block diagram 

the word line deselected and the data line selected and whose ^ illustrating a voltage generator VPS practiced as one pre- 

data must be retained is protected, in a program or erase ferred embodiment of the invention. Tliis embodiment has a 

operation, fi"om being applied with the above-mentioned constitution for efficiently forming, with precision, voltages 

program or erase voltage. In this constitution, the stress is of a variety of types necessary for erasing, writing, and 

applied only to a small number of memory cells in the block. reading the memory cells as mentioned above. 

In the above-mentioned erase operation, a negative volt- To be more specific, a reference voltage generator gen- 
age such as the VED (-4 V) is applied to the substrate p-well erates a precision reference voltage VR (0.7 V for example) 
and the select voltage VEG such as +12 V is supplied to the corresponding to a MOSFET threshold voltage to be 
word line, which makes a collective erase operation on a described later. To obtain a desired voltage by correcting a 
word line basis. In the above-mentioned embodiment, one ^ process dispersion of the reference voltage VR, a trimming 
word line provides a storage unit such as one sector. One circuit 1 is provided. The trimming circuit 1 has a fuse to be 
sector consists of 5 1 2 bytes, but not limited thereto. Namely, described later. By selectively coimecting, in parallel, MOS- 
one word line (it should be noted that one word line does not FETs forming the reference voltage VR, an equivalent 
mean physically one line) is cormected with S12x8=about channel width L is adjusted, thereby providing a fine adjust- 
4K memory cells. In this case, if eight memory arrays are ment of the reference voltage VR with an error of ±1%, 
provided, since one word line is assigned with 512 memory jhe reference voltage VR is sent to a divider to be divided 
cells, a word line select operation can be performed at intoavariety of voltages VRCj and VRSi which are positive 
relatively a high speed with a word driver having a com- and negative around the reference voltage VR. Actually, this 
paratively small current drive capacity. voltage divider does not divide the reference voltage VR 

FIG. 20 (B) shows a v^y state. The VEV is applied to 50 itself but forms the voltages in increments of (0.1 V around 

the control gate, the VCC to the n-well region, and the VDL the reference voltage VR to be desoibed later. The voltages 

to the drain. Then, the circuit ground potential is supplied to obtained by the divider are also triiruned by a trimming 

the source region, the p-well region, and the substrate. If a circuit 2 to be set to voltages in increments of 0. 1 V against 

drain current ID flows for the above-mentioned voltage the process dispersion. The above-mentioned divided volt- 

VEV, its threshold voltage is determined to be lower than the 55 ages VRCj are voltages with the supply voltage VCC used 

voltage VEV, resulting in an msufficient erase. Therefore, as reference and formed in increments of 0.1 V in a range of 

the above-mentioned erase operation of FIG. 20 (A) is -0.1 V to -2.0 V around the VCC. The above-mentioned 

performed again to make the threshold voltage in the erase divided voltages VRSi are formed in increments of 0.1 V in 

state greater than the VEV. a range of 0. 1 V to 2.0 V around the circuit ground potential. 

FIG. 20(C) shows a read state. The VCC is applied to the 60 Of the voltages VRSi with the ground potential as a 

control gate and the n-well region and the VDL is applied to reference voltage, a plurality of voltages VRSI necessary for 

the drain. The circuit ground potential is a^phed to the forming a voltage VEG are entered in a selector 1. The 

source region, p-well region, and the substrate. If the drain seleaor 1 selects one voltage specified by a trimming circuit 
current ID flows for the voltage VCC, it is determined that 3 and supplies the selected voltage to a corresponding 
the memory cell is in a program state; if not, it is determined 6S Step-up (boost) circuit. As will be described, the Step-up 
that the memory cell is in an erase state. At this moment, the (boost) circuit is intermittently operated so that the an output 
voltage VDL is given to the draiiL The VDL is a relatively voltage of a charge pump circuit becomes an output voltage 
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VEG obtained by adding a voltage obtained by multiplying 
the above-mentioned selected voltage VRSI by n to a 
voltage obtained by selecting a VRSk from the above- 
mentioned voltages VRSi by connection. The selector 1 is 
used to select the small number of voltages VRSI necessary 
for fonning the above-mentioned VEG from many voltages 
VRSi formed by the above-mentioned divider, thereby sim- 
plifying the circuitry. This constitution forms the selector 1 
and the trimming circuit 3 with a minimum number of 
necessary circuits. 

Tlie voltage VED is formed by adding a voltage obtained 
by multiplying a signal selected from the divided voltages 
VRCj by n to a voltage selected from the divided voltages 
VRSi. The selection of these divided voltages is made by 
connection. The voltage VEV is also formed by adding the 
divided voltage VRSk and its nxstep up voltage to the 
divided voltage VRSI. 

Basically, voltages VWD, VWG, VWV and VWS are also 
formed by combinations of the above-mentioned divided 
voltages. However, the divided voltages VRSk used for 
forming these voltages are voltages specified by the selector 
2 from among the plurality of voltages selected from the 
above-mentioned divided voltages VRSi for simplified cir- 
cuits. The selector 2 selects one signal by a select signal 
formed by a trinmiing circuit 4 and outputs the selected 
signal. 

It will be apparent that the factor n is different for each 
voltage to be formed and the VRSk and VRSI selected by 
connection to be entered in coiiesponding voltage genera- 
tors are selected according to corresponding output voltages, 

Step-up (boost) circuits and a Step-down circuit for 
foraiing voltages VEG, VED, VEV, VWG, VWV and VWS 
perform step-up and step-down operations based on a select 
signal PSE supplied from the controller CNT. That is, only 
a Step-up (boost) circuit or step-down transfer supplied with 
the select signal PSE performs the step-up or step-down 
operation. 

Referring to FIG. 2, there is shown a circuit diagram of 
the reference voltage generator of FIG. 1. In the figure, each 
MOSFET indicated by an arrow pointing in a channel 
portion at a gate is an n-chaxinel MOSFET, while each 
MOSFET indicated by an arrow pointing at the opposite 
direction is a p-channel MOSFET. 

A MOSFET Q3 with the pointing arrow blotted black is 
an n-channel MOSFET in depletion mode. A current 12 that 
flows through the MOSFET Q3 flows to a p-channel MOS- 
FET Q6 formed in a diode. A mirror current U that flows to 
a p-channd MOSFET Q5 in a current mirror with the 
p-channel MOSFET Q6 is supplied to an n-channel MOS- 
FET Ql formed in a diode. 

The above-mentioned currents 12 and U are formed by the 
above-mentioned MOSFET Q6 and a MOSFET and a 
MOSFET Q9 formed in a current mirror. The current 12 is 
supplied to a MOSFET Q4 and the current II is supplied to 
a MOSFET Q2. A source of the MOSFET Q2 is supplied 
with the above-mentioned current II through the p-channel 
MOSFET Q7 and a current mirror circuit formed by n-chan- 
nel MOSFETs QIO and Qll. A source of the above-men- 
tioned MOSFET Q4 is coimected to ground potential and a 
gate and a drain thereof are made common, thereby forming 
this transistor in a diode. -The gate and the drain made 
conmion are connected to a gate of the MOSFET Q2 to get 
the reference voltage VR firom the source of the MOSFET 
Q2. 

The reference voltage VR is output as a differential 
voltage (VGS4-VGS2) between a voltage VGS4 between 



gate and source of the MOSFET Q4 and a voltage VGS2 
between gate and source of tiie MOSFET Q2. 

The MOSFET Ql through Q4 operates in a saturated 
region and the following two equations (1) and (2) are 
established with respect to the currents U and 12: 
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= (1/2) X (Wl/Ll) X pn X (VG51 - VthlH^ 
= (1/2) X iWl/Ll) X pn X {VCSZ ~ Vthlf 

= (l/2)x(W3/I3)xPrtX(VG53-WiB)? 
= (1/2) X ( W4/Z4) X X ( VG54 - WA4)2 

where, Wl/Ll through W4/L4 arc size ratios between chan- 
nel width W and channel length L of MOSFET Ql through 
Q4 and (pn stands for a channel conductivity of the n-chsm- 
nel MOSFET^. VGSl through VGS4 arc voltages between 
gate and source of the MOSFET Ql through Q4 and Vthl 
through Vth4 are threshold voltages of the MOSFET Ql 
through Q4. 

In the circuit of FIG. 2, the threshold voltages of the 
MOSFET Q2 and (34 are equally set like Vtii2=Vth4 and the 
size ratios are set as shown in equation (3) below: 



(a:l=lVya:»V2/L2=W 3/L3:W4/M 



(3) 



In the above-mentioned condition, the reference voltage 
VR is obtained from equation (4) as follows: 



V/?=VG54^VC52sa»«x(Vrtl-VlfW) 



(4) 



As seen from equation (4), the reference voltage VR can 
be obtained from the size ratio a and a threshold voltage 
difference (Vthl-Vth3) between MOSFFft Ql and (33. In 
other words, when making different the threshold voltages of 
the MOSFET Ql and Q3 by ion implantation or the like, a 
resulting process dispersion is corrected by adjusting the 
size ratio a. Consequentiy, tiie MOSFETs Ql, Q2, Q3 and 
(34 are formed as follows: 

Generally, channel ler^ths L of MOSFETs are the same. 
A conductance of a particular MOSFET is set by varying its 
charmcl width W. Therefore, if the channel widths W2 and 
W4 or substantial sizes of die MOSFETs Q2 and (34 are set 
to 1, a desired reference voltage VO is provided by adjusting 
the sizes of the MOSFETs Ql and Q3. For this reason, die 
MOSFETS Ql and Q3 are represented in one MOSFET in 
FIG. 2; actually, however, a plurali^ of MOSFEft arc 
formed on the semiconductor substrate, in which the number 
of MOSFETS to be arranged in parallel is determined by a 
switch MOSFET to be switch-controlled by a control volt- 
age formed by a programming device such as the fiise 
constituting the trinuning circuit 1 of FIG. 1. 

When correcting the process dispersion of (Vthl-Vth3), 
the number of adjusting MOSFETs to be arranged in parallel 
may be set to a fixed MOSFET by a control signal such as 
the above-mentioned fuse. To do so, it is required for the 
MOSFETS Ql and (33 to form beforehand the fixed MOS- 
FET having charmel widths Wl and W3 slightly smaller 
tiian tiiose of die MOSFETs Q2 and (34 and the plurality of 
adjusting MOSFEl^ having a chaimel width minute enough 
for correcting the process dispersion. 

The above-mentioned equation (4) indicates that a differ- 
ential voltage such as (Vthl-Vth3) can be amplified by a^^. 
Therefore, setting the channel widths of the MOSFETs Ql 
and Q3 to a value greater than those of the MOSFER Q2 
and Q4 by a provides die reference voltage VR amplified by 
a}^. To do so, the fixed MOSFET sized by a basic factor of 
a may be connected with small-sized MOSFETs for cor- 
recting the above-mentioned process dispersion selectively 
arranged in parallel by a conuvl signal formed by the 
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pjogrammmg device such as the fuse constitutiiig the above- voltage comparator CMP permits intermittently operating 

mentioned trimming circuit 1. the charge pump circuit 

Referring to FIG. 3, there is shown a circuit diagram of The oscillator OSC is controlled by the control signal 
the voltage divider of FIG. 1. In the figure, some of circuit PSE, but not limited Uiereio. For example, if the above- 
symbols assigned to the MOSFETs are the same as those 5 mentioned fiash memory on which the voltage generator is 
used in FIG. 2 for easier reading. However, it should be mounted is in standby mode or read mode in which the 
noted that each symbol in FIG. 3 represents a separate circuit output voltage VO is not required, the oscillator OSC itself 
function. This holds true with other circuit diagrams. is stopped from operating by the control signal PSE, thereby 

An n-chaimel MOSFET Q5, with its gate and drain realizing power saving, 

connected, is formed into a diode. For this MOSFET Q5, an lo A total number of n p-channel MOSFETS formed in diode 

n-channel MOSFET Q6 with its gate connected to the gate connections (hereinafter referred to as diode MOSFET^) and 

of the MOSFET Q5 is provided. As compared with the one p-channel MOSFET are connected in series between an 

MOSFET Q5, the MOSFET Q6 is larger in size ratio (W/L) output terminal of the charge pump circuit and the ground 

and has a current amplifying function corresponding to the potential. Of these diode MOSFEft, a source voltage of a 

size ratio. IS MOSFET provided on the ground potential side is supplied 

The MOSFET Q5 is provided at its source and drain with to an inverted input (-) of the voltage comparator CMP. A 
a current source for flowing a current II formed by a axmat non-inverted input (+) of the comparator CMP is applied 
minor circuits composed of p-chaimel MOSFETs Q2 and with the above-mentioned reference voltage VRl. This 
Ql and n-channel MOSFET Q9 and Q7. The MOSFET Q6 reference voltage VRl is selected by the trimming circuit 1 
is provided at its source with a constant current source for 20 from among the voltages formed by the above-mendoned 
fiowing a current IR corresponding to the above-mendoned voltage divider or selected by circuit connection. TTie volt- 
size ratio, and at its drain with a MOSFET Q2 constituting age VRl is higher than a threshold voltage of the above- 
the above-mentioned current mirror circuit mentioned diode MOSFEIb. A gate of the above-mentioned 

The refierence voltage VR formed by the reference voltage one p-chaimel MOSFET is applied with a voltage VR2 for 

circuit of FIG. 2 is supplied to die source of the above- 25 fine adjustment. The fine-adjusting voltage VR2 is higher 

mentioned MOSFET Q5. An output voltage VNl is obtained than the voltage VRl in order to secure an operating voltage 

from the source (node Nl) of the MOSFET Q6. Making the of the MOSFET provided on the ground potential, side. That 

size ratio (W5/L5:W6/L6) of the MOSFETs Q5 and Q6 a is, as shown in FIG. 3, when seen from the circuit ground 

current ratio I1:IR makes equal voltages between gates and potential, the voltage VR2 is a divided voltage formed by k 

sources of the MOSFE'ft Q5 and Q6, there by providing 30 or more MOSFER. 

VR=VN1. This in turn provides the output voltage source When no current flows through the above-mentioned 

VNl that outputs the same voltage as the input reference diode MOSFETs arranged m series, an output signal from 

voltage VR. the voltage comparator CMP goes high, upon which ah 

The current IR is flowed from die MOSFET Q4 by the oscillation pulse is sent from the oscillator OSC,to die 

current mirror circuit. The current IR is then supplied to 35 charge pump circuit, starting a step-up operation. When a 

depletion-type MOSFETS arranged in series to operate as a resulting step-up voltage causes a current to flow through the 

resistance element. These depletion-type MOSFETs are above-mentioned series of diodes to make a source voltage 

commonly connected at their gates and drains. When the of the MOSFET provided on the ground potential side reach 

current IR is flowed through the MOSFET Q6 by the theabove-menlioned voltage VRl, the output of the voltage 

MOSFE'R Q3, Q8 and Q9, no current flows through the 40 comparator CMP is inverted to close die gate circuit. This 

output node Nl of the MOSFET Q6 and k series depletion- stops chaige-pumping operation and keeps the state. At this 

type MOSFET circuits, thereby permitting to apply the moment, a voltage between die source and gate of the 

reference voltage VR to the k MOSFETS. MOSFET on the ground potential side is equal to the 

The above-mentioned constitution provides divided volt- reference voltage VRl. Therefore, because the voltage VR2 

ages in VR/k step by outputting divided voltages from die k 45 is applied to the gate to cause die same current to flow 

MOSFEl^. Based on the above-mentioned reference voltage through the n MOSFETS including the above-mentioned one 

VR, the supply voltage side can provide a level-shifted p-channel MOSFET, voltages between die gates and sources 

voltage to be raised in the VR/k st ep. If the total number of become equal, resulting in a voltage of nxthe voltage VRl. 

the above-mentioned series MOSFEnHs is j, a maximum And because the gate of one MOSFET is applied widi the 

voltage will be (j^)VR. Varying die total number can 50 fine-adjusting voltage VR2, the voltages between die gates 

simultaneously adjust a plurality of divided voltages as a and sources of the n MOSFETS provide a voltage such as 

whole.Theliinuningcircuit2of FIG. lis used to adjust die nxVRl+VR2. In FIG. 4, the multiplication sign (x) is 

number of die series MOSFETs k. represented by an asterisk (*). Namely, when the ou^ut 

The current IR formed as described above flows to voltage VO becomes nxVRl-i-VR2, die charge pump circuit 

depletion-type MOSFETs arranged in series on the supply 55 stops charge-pumping; when the output voltage drops from 

voltage VCC side through a current mirror MOSFET QIO. the voltage nxVRl+VR2, the charge pump circuit starts 

This provides a divided voltage VRCj based on die supply chaige-pumping. The voltage nxVRl-fVR2 is formed by 

voltage VCC. diis intermittent charge pump operation. 

Referring to FIG. 4, diere is shown a circuit diagram Referring to FIG. 5, there is shown a circuit diagram of 

illustrating the power supply circuit of FIG. 1 practiced as 60 the power supply circuit of FIG. 1 practiced as another 

one preferred embodiment of the invention. This circuit embodiment of the invention. This embodiment forms a 

generates a positive voltage such as the voltage VEG of FIG. negative voltage such as the voltage VWG of FIG. 1. A 

1. A charge pump circuit consists of m stages to form a charge pump circuit consists of a plurality of stages like the' 

step-up voltage so that an output voltage VO is slighdy chaige pump of FIG. 4 and forms a step-up voltage so that 

higher dian a desired voltage. The charge pump circuit is 65 an output voltage VO is slighdy higher in an absolute value 

supplied with a pulse generated by an oscillator OS dirough dian a desired voltage. The charge pump circuit is applied 

a gate circuit ControUing this gate circuit by an output of a with a pulse generated by an oscillator OSC through a gate 



5,553,021 



11 



12 



circuit. Controlling the gate circuit by an output of a voltage 
comparator CMP permits to operate the charge pump circuit 
intermittently. 

A total number of n n-channel MOSFET^ formed in 
diodes and one n-channel MOSFET are connected in series 5 
between an output terminal of the charge pump circuit and 
the ground poten tial. Of these diode MOSFETs, a source 
voltage of a MOSFET provided on the ground potential side 
is suppHed to an non-inverted input (+) of the voltage 
comparator CMP. An inverted input (-) of the comparator 
CMP is applied with the above-mentioned reference voltage 
VRl. This reference voltage VRl is selected by the trim- 
ming circuit 1 from among the voltages formed by the 
above-mentioned voltage divider or selected by cucuit con- 
nection. The voltage VRl is a voltage higher Uian a thresh- 
old voltage of the above-mentioned diode MOSFEft, irela- 
tive to the supply voltage VCC. A gate of the ^ve- 
mentioned one MOSFET is applied with a VR2 for fine 
adjustment. This fine-adjusting voltage VR2 is a fine-ad- 
justing voltage formed by voltage divider of FIG. 1 as 
compared to a voltage set by the n MOSFET^ in increments 20 
of n states. In this embodiment, a voltage obtained by adding 
voltage nx(VRl-VCC) to the fine-adjusting voltage VR2. 
relative to the supply voltage VCC, can also be formed. 

Referring to FIG. 6, there is shown a circuit diagram of 
the power supply circuit of FIG. 1 practiced as still another 25 
embodiment of the invention. FIG. 6 shows an impedance 
converting circuit from which the input voltage VR is 
outputted without change. This converter is used in a circuit 
for forming the voltage VWV of FIG. 1. The input voltage 
VR is applied to an inverted input (-) of a voltage com- 30 
paratof OAP composed of a differential drcuit A resulting 
output voltage is applied to a gate of an n-channel output 
MOSFET to obtain an output voltage VO at its source. The 
obtained output voltage is fed back to a non-inverted input 
(+) of the CMP. This constitution controls a gate voltage of 35 
the output MOSFET so that the output voltage VO matches 
the input voltage VR, thereby performing impedance con- 
version through this output MOSFET of source follower 
type. 

Referring to FIG. 7, there is shown a circuit diagram of 40 
the selector control circuit, the trimming circuit, and the 
selector of FIG. 1 practiced as preferred embodiments of the 
invention. The selector control circuit is provided with 
electrodes TMO, TMl, and TM2 having both a capability of 
specifying one of the trinmiing circuits and a capability of 45 
entering a fuse blow signal on a pseudo basis. Each of these 
electrodes TMO through TM3 is provided with a puU-down 
resistor represented in a blade triangle, thereby keeping the 
dectrode normally at low level. 

A selector specifying signal entered at each of the dec- 50 
trodes TMO through TM2 is captured in each latch circuit 
LTC. When a signal coming firom an electrode TMCLK is 
low, the latch LTC passes the input signal captured at an 
input terminal D as shown in HG. 8; when the above- 
mentioned signal is high, the latch holds the above-men- 55 
tioned captured signal. 

That is, in a probing process or the like, the electrode 
T^CLK is hdd low and the signal for specifying up to six 
sdectors is supphed by the electrodes TMO through TM2 to 
make the dectrode TMCL high, which is held in the latch 60 
circuit LTC. By the above-mentioned 3-bit signal, up to 
dght selectors can be specified. However, when all three bits 
are zeros, it indicates an all reset state; when all three bits are 
ones, the signal is used to inhibit pseudo trumming in hold 
state. 65 

As shown in a timing chart of FIG. 10, when the TMCLK 
rises, fuse decoder select addresses MTO through MT2 for 



spedfying one of the trimming drcuits are cq)tured in the 
latch circuits LTC. This causes the sdector control circuit to 
form a select signal for selecting one of the trimming circuits 
and puts the pseudo blow signal composed of the signals 
TMO through TM2 into a fuse circuit FUS in which the 
pseudo blow signal is held in a latch circuit Subsequently, 
the TMCLK is turned low, a next fuse decoder sdect address 
is entered, the entered adcbess is held in the latch circuit, and 
blow information corresponding to the held address is 
entered. When a reset signal /RESET suppHed to a reset 
terminal RST goes from low to high, a signal RSTONB goes 
low for a certain period of time in which the,fuse is blown 
and corresponding fuse information is latched Because the 
internal signal /RESET goes low when the power is turned 
on, the circuit is initialized. 

Referring to HG. 9, there is shown a circuit diagram of 
the fuse drcuit practiced as one embodiment of the inven- 
tion. A fuse F is provided on the supply voltage VCC side. 
At another side of the fuse F, a p-channel MOSFET Ql for 
pseudo blow and a p-channel MOSFET Q2 for normal 
operation are arranged in parallel. At other sides of these 
MOSFET^ Ql and Q2, sources of a p-channel MOSFETs Q3 
and Q4 are connected. Drains of the MOSFETs Q3 and.Q4 
are connected to drains of n-channel MOSFETs Q5 and Q6. 
The drains of these MOSFETs Q3 through Q6 are commonly 
connected to provide an output node. Between the n-channel 
MOSFETs Q5 and Q6 and circuit ground potential, an 
n-channel MOSFET Q7 functioning as a high resistance 
element is provided. The supply voltage VCC is regularly 
applied to a gate of the MOSFET Q7. 

A timing pulse ST for reading whether the fuse F has been 
blown or not is supplied to a gate of the n-channel MOSFET 
Q5 and a gate of the p-channel MOSFET Q2. The timing 
pulse ST is also supplied to a gate of the p-channel Q3 as an 
inverted signal SB via an inverter, not shown. A potential at 
the above-mentioned output node is entered in an inverter 
Nl. An output signal from this inverter Nl is fed back to a 
gate of the p-channd MOSFET Q4 on one hand and to a gate 
of the n-cbannel MOSFET Q6 on the other hand. The output 
signal of the inverter Nl is supplied to inverters N2 and N3. 
A signal DT is outputted f^om the inverter N2 and an 
inverted signal DB is outputted from the inverter N3, 

When the timing pulse ST is turned high, the MOSFETS 
Q5 and Q3 are tumed on and the MOSFET Q2 is turned off. 
At this moment, a pseudo blow signal is low and the 
MOSFET Ql is on. If the fuse F has not been blown, a 
high-levd signal is put in the invrater N2 because a resis- 
tance value of the MOSFET Q5 is larger than that of the fuse 
F. The output signal of the inverter Nl goes low to turn on 
the p-channel MOSFET Q3, thereby effecting latching. At 
this moment, the n-channd MOSFET Q6 is tumed off by the 
low-level output signal of the inverter Nl, thereby prevent- 
ing a direct current from flowing into the fuse F. When the 
above-mentioned read operation has been completed, the 
timing pulse ST goes low and both the MOSFETS and Q5 
are tumed off. 

If the fuse F is blown when the timing pulse ST is high, 
the low-levd signal is put in the inverter Nl by the MOS- 
FET Q7 in the on state. This makes high the output signal of 
the inverter Nl to turn on the n-channel MOSFET QS. 
thereby effecting latching. The high-level signal of the 
inverter Nl turns off the p-chaimel MOSFET Q4. Even if a 
leak current is to flow with a high resistance value although 
die fuse F has been blown, power saving can be effected 
because the MOSFET Q3 is off. 

To effect a pseudo blown state, the signal P is tumed high. 
This prevents a current pulse from being formed in the state 
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in which the fuse F is not blown, so that the input to the are equal in size. A constant current source D is provided to 

inverter Nl is set to low, which can be held. the common source of the MOSFFI^ Ql through Q3. A 

Referring to FIG. 11, there is shown a block diagram cunent of the constant current source 13 is set to a value 

illustrating the voltage generator associated with the inven- twice as high as the current of the constant current source 12. 

tion and practiced as another embodiment thereof. In this 5 These constant current sources 12 and 13 are set to the 

embodiment, a high voltage in proportion to a rise in the above-mentioned current ratio based On the MOSFET size 

supply voltage VCC is generated for a life test to perform ratio by using a cunent minor circuit based on the reference 

troubleshooting of initial faults. In this case, relative volt- current source. 

ages between control gate and channel and between control When the VRSloVRBC, the MOSFET Ql is turned on. 

gate and gate must be the same as in normal operation for lo Consequently, the same cunent 12 flows through the MOS- 

writing data to a memory cell or erasing data from it, the FETs Ql and Q3. This causes the voltage VRSk applied to 

relative voltages are composed of voltages made higher in the gate of the MOSFFT Ql to be outputted via the gate and 

proportion to the supply voltage VCC and voltages made source of the MOSFET Ql and the source and gate of the 

constant regardless of the supply voltage. MOSFET Q3. Conversely, if the VRSk<the VRBC, the 

In the embodiment of FIG. 11, a voltage generator VPS' 15 MOSFET Q2 is turned on. Consequently, the same current 

is obtained by adding a reference voltage generator for life 12 flows through the MOSFEl^ Q2 and Q3. This causes the 

testing to the reference voltage generator of FIG. 1. A voltage VRBC applied to the gate of the MOSFET Q2 to be 

voltage converter fonns a voltage VRBC relative to the outputted via the gate and source of the MOSFET Q2 and 

supply voltage VCC. A selector 3 selects, by means of a the source and gate of the MOSFET Q3. Thus, the output 

trimming circuit 5, divided voltages VRCk from among 20 voltage VRBS is made equal to the higher of the two 

divided voltages VRCj formed relative to the supply voltage voltages VRSk and VRBC. 

VCC and sends the selected divided voltages to the voltage In FIG. U, voltages VEG, VED, VEV, VWD, and VWV 

converter, the number of the divided voltages VRCk being are formed from the above-mentioned divided voltage 

smaller than the number of the divided voltages VRCj. VRBm instead of the divided voltages VRSi and VRSI of 

Referring to FIG. 12, there is shown an actual circuit 25 FIG. 1. If the supply voltage VCC is raised over a certain 

diagram of the above-mentioned voltage converter. As level for life testing, these divided voltages of FIG. 11 

shown in the figure, the voltage converter is composed of an become voltages that vary based on the reference voltage 

n-channel MOSFET supplied at its gate with a reference VRBC to be raised corresponding to the supply voltage 

voltage VRSk selected by connection, n n-channel MOSFET VCC. 

diodes connected in series with the above-mentioned 30 Referring to FIGS. 15 and 16, there are shown voltage 

n-channel MOSFET, and a MOSFET provided between the characteristics diagram. FIG. 15 (A) shows the voltage 

other end of the above-mentioned n-channel MOSFET and characteristic of the reference voltage VR. As shown, over 

the supply voltage VCC and applied at its gate with the an operating voltage, the reference voltage is constant 

voltage VRCk coming ftom the selector 3. These MOSFET^ regardless of the rise in the supply voltage VCCl FIG. 15 (B) 

are all equal in size. The voltage converter sends out an 35 shows the voltage characteristic of the divided voltage VRSi 

output voltage VRBC from a drain of a MOSFET provided formed based on the reference voltage VR. The divided 

on the ground potential side of the above-mentioned circuit. voltage VRSi consists of a plurality of voltages, each being 

This voltage converter operates as follows. First, the constant corresponding to the circuit ground potential. FIG. 

MOSFET applied at its gate and source with the reference 16 shows the voltage characteristic of the divided voltage 

voltage VRSk flows a reference current, which also flows 40 VRCj formed based on the reference voltage VR. TTie 

into the MOSFET^ arranged in series, thereby making equal divided voltage VRCj consists of a plurality of voltages, 

voltages of the gates and sources of the n diode MOSFETs each being constant corresponding to the supply voltage 

to the above-mentioned reference voltage VRSk. Since the VCC. 

reference voltage VRCk that varies according to the supply Referring to FIG. 17, there are shown voltage character- 
voltage VCC is applied to the gate of the MOSFET on the 45 istics of the reference voltage generator at life testing of FIG. 
supply voltage side, a voltage level-shifted by voltages 11. As shown in FIG. 17 (A), when the supply voltage VCC 
between gates and sources of the n+1 MOSFETs relative to reaches the operating voltage, the voltage VRBC varies 
the reference voltage VRCk is outputted. Because the cur- accordingly. Because the above-mentioned reference volt- 
rent formed by the MOSFET ^lied at its gate and source age VRSk is constant, the reference voltage VRBS to be 
with the reference voltage VRSk flows in each of the 50 outputted around the inversion of potential relationships due 
above-mentioned MOSFETs, the output voltage VRBC is a to the rise in the supply voltage VCC is switched from the 
voltage obtained by VCC-(n+l)xVRSk-VRCk. VRSk to the VRBC. In FIG. 17 (B), based on the above- 
In FIG. 11, the voltage VRBC that varies with the supply mentioned switching, the divided voltage VRBm is switched 
voltage VCC is supplied to comparator. The comparator is over a certain voltage from a Constant voltage to a voltage 
applied at the other input with the reference voltage VRSk. 55 dependent on the supply voltage VCC. 
The comparator does not perform a voltage comparing Referring to FIG. 8, there is shown voltage characteristics 
operation in a normal sense but selects the higher of the two for describing operations of a collectively erasable 
voltages and outputs the selected voltage. EEFROM (flash memory) using the voltage generator of 
Referring to FIG. 13, there is shown a circuit diagram of FIG. 11. In an operation guaranteed range with the supply 
the above-mentioned comparator practiced as one embodi- 60 voltage being relatively low, each voltage is set so that the 
ment of the invention. The above-mentioned voltages VRSk voltage has a constant relationship with a variation of the 
and VRBC are applied to gates of dififerentially arranged supply voltage. 

n-ch annd MOSFETS Ql and Q2 respectively. An n-channel When the supply voltage VCC is raised over the above- 

M0SFETQ3 is provided with its source made conunon with mentioned operation guaranteed range and a test range is 

sources of the MOSFEft Ql and Q2. The MOSFETs Q3 is 65 reached, each voltage rises in proportion to the rise in the 

made common at its gate and drain to flow a current of a supply voltage VCC. At this moment, a voltage VWD 

constant current source 12. These MOSFETs Ql through Q3 applied to data line and a control gate potential V WG for 



5,553,021 



15 



16 



program are kept constant This is because the program 
voltage cannot be held constant unless the VWD is held 
constant since the memory cell gate voltage at program is 
constant Meanwhile, a voltage for erasure is set so that an 
erase operation is peifonned at a voltage similar to one in the 5 
operation guaranteed range by maintaining constant the a 
relationship of the VEG and VED to the supply voltage 

vcc 
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Table 1 lists actual setting values of the above-mentioned 
voltages. The reference voltages VRl and VR2 and n 
correspond to the reference voltages and the number of 
stages of series MOSFETs in FIG. 4 and FIG. 5. Numerals 
3-3.6 of the supply voltage VCC mean 3.0 V to 3.6 V. 

From the above-mentioned embodiments of the invention, 
following effects are obtained: 

( 1 ) The charge pump circuit for forming a step-up voltage 35 
higher than a desired voltage adding is intermittently oper- 
ated so that the desired internal voltage is obtained by adding 

a voltage obtained by multiplying a particular voltage 
among a plurality of divided voltages formed based on a 
reference voltage by n to a predetermined divided voltage, 40 
thereby efficiently forming any stable voltages. 

(2) For a drcuit for forming the above-mentioned desired 
internal voltage obtained by adding the two voltages, a 
MOSFET applied at its gate with the above-mentioned 
adjusting divided voltage is provided in the n MOSFET 45 
diodes provided between the output tenninal of the charge 
pump circuit and the ground potential or supply voltage of 
the voltage generator and a MOSFET diode is inserted in 
series to match its drain voltage with the reference voltage. 
This simple constitution of the MOSFEl^ diodes and the 50 
voltage con^)arator can form any desired voltages. 

(3) Hie ai)Ove-mentioned voltage generator is used to 
provide desired supply voltages by operating the charge 
pump circuit intennittently, thereby contributing to power 
saving. 55 

(4) A threshold voltage difference between the enhance- 
ment-type MOSFET and the depletion-type MOSFET is 
used and fine adjustment is performed based on the size ratio 
between these MOSFETs, thereby providing the desired 
reference voltage with precision against process dispersion. 60 

(5) For a reference voltage to be put in the above- 
mentioned voltage comparator, a voltage selected, by the 
select signal formed by detecting whether the fuse has been 
blown or not, from among the divided voltages formed by 
the above-mentioned voltage divider is used, thereby pro; 65 
viding a desired voltage with precision including process 
dispersion. 



(6) The above-mentioned reference voltage generator 
includes a reference voltage generator for life testing based 
on the supply voltage and, when the supply voltage is raised 
over a predetermined voltage, the reference voltage for life 
testing is used, thereby efficiently providing troubleshooting 
of initial faults. 

(7) In a memory cell, an erase operation is performed by 
injecting a chaige from the substrate side to the floating gate 
via the tunnel insulating film based in the relative potential 
relationship between the control gate and the substrate. 
Based on the above-mentioned relative potential relation- 
ship between the control gate and the substrate, the chaige 
is discharged from the floating gate to the drain side via the 
above-mentioned tunnel insulating film for a program opera- 
tion. For a collectively erasable nonvolatile memory drcuit 
composed of such memory cells, the chaige pump circuit for 
forming a step-up voltage higher than a desired internal 
voltage is intermittently operated as a power supply circuit 
for forming a plurality of voltages required for program- 
ming, erasing and reacting data with such memory cells. The 
chaige pump circuit is operated so that the desired internal 
voltage is obtained by adding a voltage obtained by multi- 
plying a particular voltage among the plurality of divided 
voltages formed based on the reference voltage by n to a 
predetermined divided voltage. This constitution can effi- 
ciently form a variety types of voltages. 

(8) The reference voltage generator for life testing based 
on a supply voltage as the reference voltage is provided. 
When the supply voltage is raised over a predetermined 
voltage, the reference voltage for life testing is used. A 
memory cell application voltage at erase and program opera- 
tions in the life testing is varied relative to the above- 
mentioned supply voltage to form a constant voltage. Hiis 
constitution pennits the program and erase operations while 
performing an acceleration test. 

While the preferred embodiments of the present invention 
have been described using specific terms, such description is 
for illustrative purposes only, and it is to be understood that 
changes and variations may be made without departing from 
the spirit or scope of the appended claims. For example, the 
controller for intermittendy operating the charge pump 
circuit may be any controller that performs control so that 
the output voltage provides the desired voltage based on the 
above-mentioned reference voltage. Further, the constitution 
of the memory cells constituting the flash memory may be 
any if the erase and program operations are made by the 
tunnel current as described above. 

This invention is widely applicable to any semiconductor 
integrated circuit devices that require a variety of internal 
voltages. 

The following describes effects to be obtained by typical 
inventions disclosed herein. The charge pump circuit for 
forming a step-up voltage higher than a desired voltage 
adding is intermittenOy operated so that the desired internal 
voltage is obtained by adding a voltage obtained by multi- 
plying a particular voltage among a plurality of divided 
voltages formed based on a reference voltage by n to a 
predetermined divided voltage, thereby efficiently forming 
any stable voltages. 

For a circuit for forming the above-mentioned desired 
internal voltage obtained by adding the two voltages, a 
MOSFET qiplied at its gate with the above-mentioned 
adjusting divided voltage is provided in the n MOSFET 
diodes provided between the ou^t terminal of the charge 
pump circuit and the ground potential or supply voltage of 
the voltage generator and a MOSFET diode is inserted in 
series to match its drain voltage with the reference voltage. 
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This simple constitution of the MOSFEI^ diodes and the 
voltage comparalor can form any desired voltages. 

The above-mentioned voltage generator is used to provide 
desired supply voltages by operating the charge pump circuit 
intermittently, thereby contributing to power saving. 

A threshold voltage difference between the enhancement- 
type MOSFET and the depletion-type MOSFET is used and 
fine adjustment is performed based on the size ratio between 
these MOSFETs, thereby providing the desired reference 
voltage with precision against process dispersion. 

For a reference voltage to be put in the above-mentioned 
voltage comparator, a voltage selected, by the select signal 
formed by detecting whether the fuse has been blown or not, 
from among the divided voltages formed by the above- 
mentioned voltage divider is used, thereby providing a 
desired voltage with precision including process dispersion. 

The above-mentioned reference voltage generator 
includes a reference voltage generator for life testing based 
on the supply voltage and, when the supply voltage is raised 
over a pxtidetermined voltage, the reference voltage for life 
testing is used, thereby efficiently providing troubleshooting 
of initial faults. . 

In a memory cell, an erase operation is performed by 
injecting a charge from the substrate side to the floating gate 
via the tunnel insulating film based in the relative potential 
relationship between the control gate and the substrate. 
Based on the above-mentioned relative potential relation- 
ship between the control gale and the substrate, tiie charge 
is discharged from the floating gate to the drain side via the 
above-mentioned tunnel insulating film for a program opera- 
tion. For a collectively erasable nonvolatile memory circuit 
composed of such memory cells, the charge pump circuit for 
forming a step-up voltage higher than a desired internal 
voltage is intermittently operated as a power supply circuit 
for forming a plurality of voltages required for writing, 
erasing and reading data with such memory cells. The charge 
pump circuit is operated so that the desired internal voltage 
is obtained by adding a voltage obtained by multiplying a 
particular voltage among the plurality of divided voltages 
formed based on the reference voltage by n to a predeter- 
mined divided voltage. This constitution can efficientiy form 
a variety types of voltages. 

The reference voltage generator for life testing based on 
a supply voltage as the reference voltage is provided. When 
the supply voltage is raised over a predetennined voltage, 
the reference voltage for life testing is used. A memory cell 
application voltage at erase and program operations in the 
life testing is varied relative to the above-mentioned supply 
voltage to form a constant voltage. This constitution permits 
the program and erase operations while performing an 
acceleration test 

What is claimed is: 

1. A flash memory comprising: 

a memory array wherein memory cells are disposed at 
intersections between a word line and a data line in a 
matrix, said memory cells being erased by injecting an 
electric charge from a substrate into a floating gate via 
a tunnel insulating film based on a relative potential 
relationship between a control gate and said substrate 
and programmed by discharging the electric charge 
from the floating gate into a drain via said tunnel 
insulating fihn based on a relative potential relationship 
between said control gate and said drain; and 

a power supply circuit which forms a plurality of voltages 
necessary for programming, erasing, and reading said 
memory cells, wherein said power supply circuit com- 
prises: 
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a reference voltage generating circuit which generates a 
reference voltage; 

a voltage dividing circuit which forms a plurality of 
divided voltages based on said reference voltage; 

a voltage supply circuit which ou^uts a desired internal 
voltage by adding a voltage obtained by multiplying 
one of said plurality of divided voltages by n to a 
predetermined divided voltage selected from said plu- 
rality of divided voltages for fine voltage adjustment, 
wherein said voltage supply circuit includes: 
a charge pimip circuit, 

n first metal-oxide semiconductor field-efiect transis- 
tors each having a diode coimection and disposed in 
series between an output terminal of said charge 
pump circuit and one of a ground potential and a 
supply voltage, 

a voltage comparator which receives said one of said 
plurality of divided voltages and a drain or source 
voltage of a second metal-oxide semiconductor 
field-effect transistor coupled to one of said ground 
potential and supply voltage, and 

a gate circuit which limits an input pulse to be supplied 
to said charge pump circuit by an output voltage of 
said voltage comparator, 

wherein one of said first metal-oxide semiconductor 
field-effect transistors that is inserted in said n metal- 
oxide semiconductor field-effect transistors in series 
is applied at a gate thereof with said predetermined 
divided voltage. 

2. A flash memory according to daim 1, further compris- 
ing a second reference voltage generating circuit for gener- 
ating a test reference voltage which is higher than said 
reference voltage during a life test 

3. A semiconduaor integrated circuit device comprising: 
a reference voltage generating circuit which generates a 

reference voltage; 

a voltage dividing circuit which forms a plurality of 
divided voltages based on said reference voltage; and 

a power supply circuit which ou^uts a desired internal 
voltage by adding a voltage obtained by multiplying 
one of said plurality of divided voltages by n to a 
predetennined divided voltage selected from said plu- 
rality of divided voltages for fine voltage adjustment, 
wherein said power supply circuit includes: 
a charge pump circuit, 

n first metal-oxide semiconductor, field effect transis- 
tors each having a diode connection and disposed in 
series between an output terminal of said charge 
pump circuit and one of a groimd potential and a 
supply voltage, 

a voltage comparator which receives said one of Sciid 
plurality of divided voltages and a drain or source 
voltage of a second metal-oxide senuconductor 
field-effect transistor coupled to one of said ground 
potential and supply voltage, and 

a gate circuit which limits an input pulse to be supplied 
to said charge pump circuit by an output voltage of 
said voltage comparator, 

wherein one of said first metal-oxide semiconductor 
field-effect transistors that is inserted in said n metal- 
oxide semiconductor field-effect transistors in series 
is applied at a gate thereof with said predetramined 
divided voltage. 

4. A semiconductor integrated circuit device according to 
claim 3, wherein said second metal-oxide semiconductor 
field-effect transistor also has a diode connection and is 
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connected in series with said n first metal-oxide semicon- 
ductor field-effect transistors. 

5. A semiconductor integrated circuit device according to 
daim 4, wherein said second metal-oxide semiconductor 
field-effect transistor is coupled in series between said n first 
metal-oxide semiconductor field-effect transistors and one 
of said ground potential and said supply voltage. 

6. A semiconductor integrated circuit device according to 
claim 3, further comprising a control circuit which intermit- 
tently operates said power supply circuit. 

7. A semiconductor integrated circuit device according to 
claim 6, wherein said control circuit includes a voltage 
comparator having one input coupled to the output of the 
power supply circuit and another input coupled to receive a 
reference voltage, wherein said control circuit turns said 
power supply circuit on and off to maintain a predetermined 
constant output voltage for said power supply circuit. 

8. A flash memory according- to claim 1, fiirther compris- 
ing a control circuit which intermittently operates said 
voltage supply circuit. 

9. A flash memory according to claim 8» wherein said 
control circuit includes a voltage comparator having one 
input coupled to the output of the voltage supply circuit and 
another input coupled to receive a reference voltage, 
wherein said control circuit turns said voltage supply circuit 



10 



15 



20 



on and off to maintain a predetermined constant output 
voltage for said voltage supply circuit. 

10. A semiconductor integrated circuit device according 
to claim 3, wherein said reference voltage generating drcuit 
generates said reference voltage on the basis of a threshold 
voltage difference between an enhancement-type metal- 
oxide semiconductor field-effect transistor and a depletion- 
type metal-oxide semiconductor field-effect transistor, said 
reference voltage generating circuit being fine-adjusted 
based on a size ratio between said enhancement-type metal- 
oxide semiconductor field-effect transistor and said deple- 
tion-type metal-oxide semiconductor field-effect transistor. 

11. A semiconductor integrated circuit device according to 
claim 3, wherein the reference voltage to be spplitd to said 
voltage comparator is a voltage selected by a select signal 
formed by detection of whether a fuse has been blown from 
among the plurality of divided voltages formed by said 
voltage dividing circuit. 

12. A semiconductor integrated circuit device according 
to claim 3, further comprising a second reference voltage 
generating circuit for generating a test reference voltage 
which is higher than said reference voltage during a life test 
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[57] ABSTRACT 

The invention relates to charge-pump circuits used for the 
generation, in an integrated circuit, of an internal supply 
voltage Vpp which is considerably greater than the external 
supply voltage Vcc. In a charge pump configuration with 
capacitors and transistors, certain transistors must be driven 
by bootstrapped logic signals, i.e., having a logic level 
which is greater than Vcc in order to overcome the threshold 
voltage of the transistors. According to the invention, there 
is an oscillator followed by a phase splitter stage which is in 
turn followed by a bootstrap amplifier stage. The oscillator 
is a ring oscillator having a number of logic gates which is 
as small as possible, preferably only three. A satisfactory 
frequency stability of the charge pump is thus obtained and 
therefore its design is made easier and its adaptability to 
various electronic circuits is improved. 

23 Claims, 4 Drawing Sheets 
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1 

VOLTAGE BOOSTER CIRCUIT OF THE 
CHARGE-PUMP TYPE WITH 
BOOTSTRAPPED OSCILLATOR 

s 

BACKGROUND OF THE INVENTION 

1. Fidd of the Invention 

This invention relates to electronic circuits supplied with 
a voltage Vcc in which a voltage greater than Vcc must be 
generated. 

2, Discussion of the Related Art 

A typical example is that of integrated circuits comprising 
non-volatile memories with floating-gate transistors; pro- 
gramming such memories requires a programming voltage 15 
Vpp much greater than the normal supply voltage Vcc. In 
order to allow the user to use this memory with only one 
supply voltage Vcc, measures are taken for the integrated 
circuit to have an internal means to generate the voltage Vpp 
from Vcc. Typically, Vcc has a value of 5 volts or even less 20 
and Vpp has a value of 15 volts or more, Tlie future trend-is. 
toward a voltage Vcc lower than 2 volts, while Vpp can be 
above 15 volts. 

The circuit for the generation of Vpp is a voltage booster 
circuit whose prindple is that of the "charge pump**. ^ 

The block diagram of the chaige pump is shown in FIG. 
1. The chaige puxnp comprises a series of diode and capaci- 
tor stages and switches providing for the switching of the 
capacitor connecdons between Vcc and ground and depend- 
ing on two non-overls^ping periodic phases Phil, Phi2. ^ 
Each stage includes two capacitors CI and C2 and two 
diodes Dl and D2. In the first phase of Phil, the first 
capacitor CI is charged to the supply volume Vcc. In the 
second phase of Phi2. it is partly discharged into the second 
capacitor C2. Then CI is charged (Phil) agaia The diodes 
prevent the second capacitor C2 fin}m disdiaiging, so that its 
load progressively increases until it reaches a value which 
exceeds Vcc (up to a theoredcal maximum of 2 Vcc if the 
voltage drops in the diodes arc not taken mto account). ^ 

In order to obtain a higher voltage, n successive stages are 
cascade-cotmected. The obtained voltage amounts to 
(n-Hl)Vcc or, more precisely, if die threshold voltage Vd of 
the diodes is taken into account, to (n+1) (Vcc-Vd). 

In Older to obtain a sufficient output voltage value with the 45 
smallest possible number n of stages, it has already been 
suggested to replace the diodes Dl and D2 with transistors, 
across which no significant voltage drop is created because 
their resistance is negligible when they are in conductive 
mode. The block diagram in FIG. 2 shows this. Since the 50 
transistors have a threshold voltage Vt (minimum gate-to- 
source voltage below which they arc not conductive), certain 
transistors arc arranged to have their gates driven by a 
voltage level which is higher than (Vcc+Vt). Thus they are 
made conducdve (i.e., no significant voltage drop across 55 
them) even if their sources and their drains are at Vcc, which 
eliminates the threshold voltage problem. With a charge 
pump comprising n stages, an output voltage up to (n+l)Vcc 
can be obtained, which is more favourable than the result of 
diode circuits. But it implies that the gates of certain 60 
transistors can be driven using a voltage slightly greater than 
Vcc. 

For this reason, the charge pump diagram in FIG. 2 shows 
two drive signal pairs: Phil and Phi2 on the one hand as 
shown in FIG. 1, which switch between two voltage levels 65 
0 and Vcc; and Philb and Phi2b on the other hand, syn- 
chronized with Phil and Phi2 respectively, but switching 



2 

between voltage levels 0 and VB, where VB has a greater 
level than Vcc, preferably greater than or equal to Vccf Vl 
FIG. 3 shows schemaucally the switching phases of the 
charge pump according to FIG. 2. 

A significant parameter of the charge pump is its *fan- 
out", which is the number of loads it can supply without any 
excessive output voltage attenuation. Computations show 
that the fan-out is inversely proportional to die number of 
stages of the pump and is proportional to the switching 
frequency of the pump, i.e., the frequency of signals Phil, 
Phi2, Philb, Phi2b. 

Therefore, the switching frequency must be quite stable, 
or at least it should decrease as little as possible when the 
number of stages of the pump increases. It is also desirable 
that the switching frequency be as stable as possible with 
respect to the supply voltage Vcc. 

In order to generate switching drive signals Phil, Phi2, 
Philb, and Phi2b, it has already been suggested to use 
comparatively complex oscillator circuits which have the 
disadvantage of a poor frequency stability, both with respect 
to the supply voltage changes and also with respect to the 
number of stages or, more generally, to the structure of the 
charge pump they actually control. 

Therefore, the circuits utilized in the prior art have a 
charge pump frequency which depends on the number of the 
chaige pump stages in a significant way, which makes the 
circuit design rather difficult and thus general-purpose dia- 
grams, capable of being transposed from one circuit to 
another one, caimot be drawn for the charge pump. 

It is an object of this invemion to provide an improved 
charge pump diagram. 

SUMMARY OF THE INVENTION 

The present invention provides a charge pump making use 
of multiple transistor and capacitor stages with a transistor 
switching control circuit. TTie switching control circuit com- 
prises a ring oscillator delivering a signal at a frequency F 
and is followed by a phase splitter stage in order to deliver 
from the oscillator output two non-overiapping switching 
phases at the oscillator frequency. The control circuit frirther 
comprises a first output stage to deliver from the signals 
generated by the splitter stage two non-overlapping signals 
Phil and Phi2 capable of switching between a zero voltage 
and a voltage Vcc and a second bootstrapped output stage to 
deliver from signals coming from, the splitter stage two 
signals Philb and Phi2b, capable of switching in synchro- 
nously with Phil and Phi2, but between a zero voltage and 
a voltage VB greater than Vcc. 

Oscillators capable of delivering the signals Phil, Phi2, 
Philb, and Phi2b were available in the prior art, but these 
oscillators did not separate die oscillation, non-overiapping 
and bootstrap-type amplification functions; the non-overiap- 
ping and bootstrap amplification functions were inserted in 
the oscillation loop. This resulted in the frequency instability 
which is corrected for by the invention. That was for 
example typically the case for a circuit described in a 
EP- A-0 445 083 patent application. There amplifiers D and 
D' are inserted in oscillator loops. 

Preferably, die ring oscillator is an oscillator widi only 
three logic gates, one of which is a threshold inverter gate. 
This type of oscillator, which minimizes the number of logic 
gates, offers the advantage of generating a frequency which 
has little dependence on the supply voltage. 

Other features and advantages of the invention are more 
readily apparent from the following detailed description 
taken in conjunction with the accompanying drawings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates a chaise pump having diodes and 
capacitors; 

FIG. 2 illustrates a charge pump having transistors and s 
capacitors; 

FIG. 3 illustrates switching signals associated with the 
diaige punq) according to FIG. 2; 
FIG. 4 illustrates a switching control circuit according to 

the invention; 

FIG. 5 illustrates an oscillator diagram useful for the 
implementation of the invention; 

FIG. 6 illustrates a phase splitter circuit diagram useful for 
the implementation of the invention; 

FIG. 7 illustrates a diagram of bootstrapped and non- 
bootstrapped output stages, which can be used in the switdi- 
ing control circuit according to the invention; 

FIG. 8 illustrates the logic signals in various spots of the 
drcuit according to the invention. 20 

DETAILED DESCRIPTION 

FIG. 4 shows the general arrangement of the switching 
control circuit used in a charge pump according to the ^ 
invention. 

The charge pump is a pump such as that shown in FIG. 2. 
It comprises multiple cascaded stages, including transistors 
and capacitors, and a switching control circuit generating the 
four switching phases Phil, Phi2, Philb, and Phi2b. Phil 
and Phi2 are two complementary though non-overlapping 
phases, switching between two values, which substantially 
are 0 and Vcc (Vcc being the supply voltage of the circuit). 
Philb and Phi2b arc phases substantially synchronized with 
Phil and Phi2, respectively, and switching between two 
voltage values, which substantially are 0 and VB, where VB 
is greater than Vcc and preferably greater than Vcc+Vt (Vt 
is the threshold voltage of the transistors driven by phases 
Philb and Phi2b). While Phil and Phi2 are non-boot- ^ 
strapped signals, Philb and Phi2b are bootstrapped signals 
capable of exceeding the voltage Vcc. The term "bootstrap" 
refers to a technique for generating a logic signal which is 
artificially enhanced with respect to its nonnal value, in 
general by means of a capacitor which is precharged prior to 
being series-connected between the signal to be enhanced 
and the terminal on which the enhanced signal is to appear. 

The switching control circuit according to FIG. 4 there- 
fore gives the four phases Phil, Phi2, Philb, and Phi2b. It 
comprises an oscillator OS generating a periodic signal OSC 50 
having a finequency F, a phase splitter circuit BS to generate, 
ftom the signal OSC, various complementary though non- 
overlapping signals at the frequency F. and, lastly, two 
output stages ESI and ES2 making use of these signals to 
generate signals Phil and Phi2 which are not bootstrapped 55 
(stage ESI) and signals Philb and Phi2b, which are boot- 
strapped (stage ES2). 

Preferably, the oscillator is a ring oscillator with a very 
small number of logic gates, preferably only three, for 
optimum stability with respect to changes in the supply 60 
voltage. The preferred diagram is that in FIG. 5. It preferably 
includes inverter II, which has its output connected to the 
first input of NOR gate Gl, which has its input driven by a 
signal RUN; the signal RUN enables or disables the oscil- 
lator operation. The Gl NOR gate output is connected 6S 
through an RC time-constant circuit to the input of another 
inverter, preferably a threshold inverter (in particular, a 
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Schmitt trigger). Hie ou^t of inverter 12, which is fed back 
to the input of inverter II, forms the output of the oscQlator 
generating the signal OSC. The oscillation frequency mainly 
depends on the respective values of R and C and on the 
threshold of inverter 12 and, to a lesser extent, on the 
switching times of the inverters II and 12 and gate Gl. 

The phase splitter stage BS is preferably made up as 
shown in FIG. 6. It receives, as an input signal, the signal 
OSC generated by the oscillator OS. This signal is inverted 
in an inverter 13 to generate a signal NOSC. The positive- 
going edges of NOSC are slightly delayed with respect to the 
negative-going edges of OSC and, in the same way, the 
negative-going edges of NOSC are slightly delayed with 
respect to the positive going edges of OSC, owing to the 
delay inevitably induced by inverter 13. 

The timing diagrams of the periodic switching signals 
generated by the circuitry according to the invention are 
shown in FIG. 8 and they can be referred to for a better 
understanding of the circuit operation. Tho same reference 
marks were intentionally chosen to designate the circuit 
nodes and the switching signals appearing at these nodes, 
both in the above-mentioned diagram and in the following 
explanations. 

The phase splitter circuit BS, whose function consists of 
generating two complementary non-overlapping periodic 
phases at frequency F, has two outputs SI and S2. They are 
non-overlapping and complementary in that the positive- 
going edge of SI begins after the end of the negative-going 
edge of S2, and the negative-going edge of the following SI 
appears before the next positive-going edge of S2. 

The signal OSC is applied to an input of a NOR gate G2, 
another input of which receives the signal S2. Inversely, the 
signal NOSC is applied to a NOR gate G3, another input of 
which receives the signal SI. 

The output of NOR gate G2 forms the output SI of the 
stage BS, this output is used afterwards for the generation of 
signals Phil and Phil The signal SI has a positive-going 
edge triggered by the negative-going edge of S2 and a 
negative-going edge triggered by the signal OSC. 

In the same way, the output of G3 forms output S'2 of the 
stage. The signal S'2 has a negative-gomg edge triggered by 
the signal NOSC and a positive-going edge triggered by the 
signal SI. 

The signal SI is inverted in two cascaded successive 
inverters 14 and 15, the input of the first one being connected 
to the output of gate G2 and the output of the second one 
forming the output SI. In the same way, the signal S'2 is 
inverted in two cascaded successive inverters 16 and 17, the 
input of the first one being connected to the output of gate 
G3 and the output of the second one being connected to the 
output S2. 

Both signals SI and S2 are delayed (by the two respective 
inverters) with respect to signals SI and S'2. The signals SI 
and S'2 form two non-overlapping complementary phases, 
as signals SI and S2 do. 

The preferred arrangement of the output stages, boot- 
surapped and non-bootstrapped, is illustrated in FIG. 7. 

The non-bootstrapped stage ESI, which generates signals 
Phil and Phi2, receives as inputs the four signals SI, SI, S2 
and S'2 from the phase splitter stage. SI and S'l are applied 
to the inputs of NOR gate G4; the output of gate G4 is 
inverted in inverter 18 to generate the signal Phil. The signal 
Phil switches between two logic levels 0 and Vcc because 
the inverter 18 is supplied with a voltage Vcc. 

In the same way. the signals S2 and S'2 are applied to the 
input of a NOR gate G5 whose output is inverted by inverter 
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19 to generate the signal Phil which switches between 0 and 
Vcc and is complementaiy to Phil and non-overlapping with 
Phil. 

The bootstrapped output stage is slightly more complex. 
It receives as inputs the signals SI and S2 as well as the 5 
signals OSC and NOSC. In addition. Besides, it receives the 
signals SI and S'2. 

The signal Si is delayed by a delay circuit comprising, for 
instance, series inverters 110 and 111, and a capacitor C3 
being connected between the output of the first mverter (110) lO 
and ground, according to the arrangement shown in FIG. 7. 
The delayed signal appears at the output of 111 and is called 
Sir. In the same way, the signal S2 is delayed by an identical 
delay circuit (112, 113, C4); the delayed signal is designated 
S2r, The induced delay is slightly greater (owing to C3 or ^5 
C4) than that induced by the two series-connected inverters. 

The stage ES2 comprises, in addition to the delay circuits, 
two NOR gates G6 and G7 with three inputs each. The gate 
G6 receives the OSC signal, the signal S2. and the signal 
Sir. Its output S3 generates a square pulse while the signal 20 
OSC is at the low level The square pulse has a positive- 
going edge triggered by the negative-going edge of S2. and 
a negative-going edge triggered by the positive-going edge 
of the following Sir. C:onversely, the NOR gate G7 receives 
NOSC. SI, and S2r. Its output S4 delivers, while OSC is at ^ 
the high level, a square pulse whose positive-going edge is 
triggered by the negative-going edge of SI and whose 
negative-going edge is triggered by the positive-going edge 
ofS2r. 

The square pulses S3 and S4 are used for the achievement 30 
of the prechaiging phase of stage ES2 outputs Philb and 
Phi2b, respectively, prior to the bootstrapped switching 
phase, which is triggered by signals Sir and S2r, respec- 
tively. 

To this end, die output S3 of the NOR gate G6 is 
connected to tiie control gate of transistor Ql whose source 
is connected to the supply Vcc and whose drain is connected 
to die output Philb. A capacitor C5 is connected between the 
output Sir of the delay circuit iJlO, 111, C3) and Philb. 
During the square pulse S3, die transistor Ql is made 
conductive and Philb rises to level Vcc; since, at this time, 
die signal Sir is at the low level, the capacitor C5 lends to 
get charged to Vcc. Afterwards, towards the end of the 
square pulse S3, the transistor Ql changes to the off-state, 
which isolates the output Philb from the terminal Vcc, and 45 
Sir rises to die high level Vcc, which abruptly raises die 
potential of Philb to above Vcc, due to die energy previ- 
ously stored in C5. The bootstrap effect is dius achieved on 
the signal Philb. 

The signal Philb is reset by transistor Q2, which is 
connected between the output Philb and ground and is made 
conductive by signal S*2. 

The generation of the bootstrapped signal Phi2b is by die 
same method, using an array Q3. C6, Q4 identical with array 
Ql, C5, Q2. and receiving die signals S2r, SI. 34 instead of 
Sir. S'2 and S3. 

With the arrangement according to Uie invention, the 
oscillator OS is only loaded by inverter 13, gate 02, and gate 
06. Its frequency is little affected by such a small load. ^ 

The outputs Phil, Phi2, Philb. and Phi2b are loaded by 
the n stages of the charge pump, but their ability to control 
these n stages depends only on the dimensioning of the final 
components (transistors and capacitors) of the output stages 
and these final components do not affect the oscillator load. 55 

Having thus described one particular embodiment of the 
invention, various alterations, modifications, and improve- 
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meats will readily occur to those skilled in the art. Such 
alterations, modifications, and improvements are intended to 
be part of this disclosure, and are intended to be within the 
spirit and scope of the invention. Accordingly, the foregoing 
description is by way of exanq)le only and is not intended as 
limiting. The invention is limited only as defined in the 
following claims and die equivalents thereto. 
What is claimed is: 

1. A charge pump comprising: 
a stage of a voltage-boosting circuit comprising a tran- 
sistor and a capacitor, and 

a tranastor switching control circuit coupled to the stage 
and controlling the switching of the transistor, the 
transistor switching control dxcuit comprising: 
a ring oscillator generating an oscillator signal at an 

oscillator frequency; 
a phase splitter stage receiving the oscillator signal and 
generating a plurality of non-oveil^ping phase-split 
signals substantially at die oscillator frequency; 
a non-bootstrapped output stage, receiving die plurality 
of non-overlapping phase-split signals, and generat- 
ing a plurality of non-bootstrapped non-overiapping 
output signals that switch between a zero voltage and 
a supply voltage substantially at the oscillator fre- 
quency; and 

a bootstrapped output stage, receiving the plurality of 
non-overiapping phase-split signals, and generating 
a plurality of bootstrapped non-overlapping output 
signals that switch between die zero voltage and a 
voltage of greater magnimde dian die supply voltage 
substantially synchronously widi the non-boot- 
strapped non-overlapping output signals. 

2. The charge pun^ of claim 1 wherein the ring oscillator 
comprises no more than three logic gates. 

3. The charge pump of claim 2 wherein at least one of the 
logic gates in the ring oscillator is a threshold inverter. 

4. The charge pump circuit of claim 1, wherein the ring 
oscillator generates the oscillator signal independent from . 
die phase-split stage, die non-bootstrapped output stage, and 
die bootstr^ped . output stage, to prevent interference 
between the oscillator signal and die bootstrapped output 
signals and the non-bootstrapped output signals. 

5. The charge pump of claim 1, wherein: 
the plurality of non-overlapping phase-split signals 

includes a first signal and a second signal that are 
non-overlapping with respect to one another, and a 
third signal and a fourth signal diat are non-overiapping 
with respect to one another; and 
the non-bootstrapped output stage includes a circuit hav- 
ing an input that receives the plurality of non-overlap- 
ping phase-split signals, die circuit combining the first 
agnal and the third signal and combining the second 
signal and die fourdi signal to generate die plurality of 
non-bootstrapped non-overiapping output signals. 

6. A charge pump comprising: 

means using a switching techiuque for creating a voltage 

of greater magnitude than a supply voltage; and 
means for controlling the switching technique, compris- 



ing: 

first means for receiving an osdllator signal at an 
oscillator frequency and generating a plurality of 
intermediate signals; 

second means for receiving the plurality of intermedi- 
ate signals and generating a first plurality of phase- 
split signals, each of die first plurality of phase-split 
signals switching between a first voltage and a 
second voltage; and 
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third means for receiving the plurality of intermediate 
signals and generating a second plurality of phase- 
split signals, each of the second plurality of phase- 
split signals switching between the first voltage and 
a third voltage that is different from the second s 
voltage. 

7. The charge pump of claim 6 wherein the first plurality 
of phase-split signals are non-oveilapping and the second 
plurality of phase split signals are non-overlapping. 

8. The ch^e pump ofdaim 6 wherein the second voltage lo 
is the supply voltage. 

9. The chaxge pump of daim 6 wherein each of the first 
plurality of phase-split signals has a frequency that is 
substantially equal to the oscillator frequency, and wherein 
each of the second plurality of phase-split signals has a is 
frequency that is substantially equal to the oscillator fre- 
quency. 

10. The charge pump of claim 6. wherein the second 
means includes means for combining at least two of the 
plurality of intermediate signals to generate die first plurality 20 
of phase-split signals. 

11. A charge pump comprising: means using a switching 
technique for creating a voltage of greater magnimde than a 
supply voltage; and 

means for controlling the switching technique compris- 25 
ing: 

oscillator means for generating an oscillator signal at an 
oscUlator frequency; 

phase-split means for receiving the oscillator signal and 
generating a plurality of non-overlapping phase-split 30 
signals at the oscillator frequency; 

non-boosting generator means for receiving the plural- 
ity of non-overlapping phase-split signals and gen- 
erating a plurality of non-bootstrapped non-overlap- 
ping output signals svdtching between a zero voltage 3S 
and the supply voltage substantially at the oscillator 
frequency; and 

boosting generator means for receiving the plurality of 
non-overlapping phase-split signals and generating a 
plurality of bootslr^ped non-overlapping output ^ 
signals, the bootstnq)ped non-overlapping output 
signals switching between the zero voltage and a 
voltage of greater magnitude than the supply voltage 
and switching substantially synchronously with the 
non-bootstrapped non-overlapping output signals. 

12. The chaige pump circuit of claim 11, wherein the 
oscillator means generates the oscillator signal independent 
from the phase-split means, the non-boosting generator 
means, and the boosting generator means, to prevent inter- 
ference between the oscillator signal and the bootstrapped ^ 
signals and the non-bootstrq)ped signals. 

13. The chaige pump of claim 11, wherdn: 

the plurality of non-overlapping phase-split signals 
includes a first signal and a second signal that are 
non-overlapping with respect to one another, and a 
third signal and a fourth signal that are non-overlapping 
with respect to one another; and 

the non-boosting generator means includes means for 
combining the first signal and the third signal, and tier ^ 
combining the second signal and the fourth signal, to 
generate the plurality of non-bootstrapped non-over- 
lapping output signals. 

14. A chaige pump comprising: 

a voltage-boosting circuit; ^ 
first means for receiving an oscillator signal and gener- 
ating a plurality of intermediate signals; 
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second means, coupled to the voltage-boosting circuit and 
responsive to the plurality of intermediate signals, for 
providing a first plurality of phase-split signals to die 
voltage-boosting circuit, each of the first plurality of 
phase-split signals switching between a &st voltage 
and a second voltage; and 

third means, coupled to the voltage-boosting circuit and 
responsive to the plurality of intermediate signals, for 
providing a second plurality of phase-split signals to 
the voltage-boosting circuit, each of the second plural- 
ity of phase-split signals switching between a first 
voltage and a third voltage that is different from the 
second voltage. 

15. The charge pump of claim 14, further comprising an 
oscillator, coupled to die first means, die oscillator having an 
output that provides the oscillator signal, the osdUator 
generating die oscillator signal independendy from the first, 
second and diird means. 

16. The diarge pump of claim 14, wherein die first 
phirality of phase-split signals includes a plurality of non- 
overlapping bootstrapped signals and the second plurality of 
phase split signals includes a plurality of non-overlapping, 
non-bootstn^ped signals, the non-overls^ng, non-boot- 
su^pped signals having a voltage diat switches at the oscil- 
lator frequency between a zero voltage and a supply voltage, 
the plurality of non-overlapping bootstrapped signals having 
a voltage that switches at die oscillator frequency between 
the zero voltage and a voltage of greater roagmmde than die 
supply voltage. 

17. The chaige pump of claim 16, further comprising an 
oscillator, coupled to die first means, die oscillator having an 
output diat provides die oscillator signal, die oscillator 
generating die osdllator signal independendy from the first, 
second, and third means. 

18. The charge pump of claim 14, wherein: 

the plurality of intemiediate signals includes a first signal 
and a second signal that are non-overlapping with 
respect to one another, and a third signal and a fourth 
si^ial that are non-overlapping with respect to one 
another, and 

the second means includes means for combining the first 
signal and the third signal, and for combining the 
second signal and the fourth signal, to generate the first 
plurality of phase-split signals. 

19. An apparatus comprising: 

a chaige pump circuit for creating an output voltage of 
greater magnitude than a supply voltage in response to 
signals received at an input of Uie chaige pump circuit; 
and 

a control circuit, coupled to the chaige pump circuit, the 
control circuit having an input that receives an oscil- 
lator signal at an oscillator firequency, a fiist output diat 
provides a first plurality of phase-split signals to the 
input of the charge pump circuit, each of the first 
plurality of phase-split signals switching between a first 
voltage and a second voltage, and a second output diat 
provides a second plurality of phase-split signals to the 
input of the charge pump circuit, each of die second 
plurality of phase-split signals switching between a first 
voltage and a third voltage that is different from the 
second voltage; 

wherein die control circuit includes; 

a phase splitter, having an input that receives diat receives 
the oscillator signal, a first output that provides a first 
plurality of internal signals, and a second output that 
provides a second plurality of internal signals; 
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a first output stage, having an input that receives the first 
plurality of internal signals and the second plurality of 
internal signals and an output that provides the first 
plurality of phase-split signals; and 

a second output stage, having an input that receives the 
first plurality of internal signals and the second plural- 
ity of internal signals and an output that provides the 
second plurality of phase-split signals. 

20. The apparatus of claim 19 wherein the second voltage 
is the supply voltage. 

21. The apparatus of claim .19 wherein each of the first 
plurality of phase-split signals has a frequency that is 
substantially equal to the oscillator flcequciicy, and wherein 
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each of the second plurality of phase-split signals has a 
frequency that is substantially equal to the oscillator fire- 
quency. 

^ 22. The apparatus of claim 19, fiirther comprising an 

oscillaior having an output that provides the oscillator signal 

to input of the control circuit. 
23. The apparatus of claim 19 wherein the first plurality 

of phase- split signals includes two signals that are non- 
10 overlapping, and the second plurality of phase split signals 

includes two signals that are non-overiapping. 

* * « * * 
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ABSTRACT 



A high side monolithic switching circuit integrated into a 
silicon chip is described in which the chaige parap is 
connected to the ground terminal by a constant current 
circuit and floats relative to the ground tenninal to reduce 
noise generation. The charge pun^ is connected to a 
terminal by an auxiliary power MOSFET having its gate 
connected to the chaige pump output circuit The conven- 
tional charge pamp diodes are inqdemented as MOSFET 
devices which can be easily integrated into the common 
monolithic chip. A dancing circuit across the diarge pun^ 
permits flie use of a low voltage, small area capadUxr for a 
high voltage device. 

32 Oaims, 9 Drawing Sheets 
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CHARGE PUMP CIRCUIT FOR HIGH SIDE As a fmdier feature of Hut inveotioii, a tum-cff oontnil 

SWITCH switch connected between the charge puinp input terminal 

^ and the supply source tenninal is implemented as an N 

BACKtaiOUNDOFTHBlNVEtnTON MOSFET in an integrated circuit chip 

This invention relates to high side switches, and more 5 containing an N channel MOSgated power device section, 

paxticulaily relates to a novel circuit for the charge pun^) of The control N channel MOSFET is then connected to a 

such circiiits which has reduced noise^ increased e£Sciency positive feedback circuit to the charge pump. A novel starter 

and is mere easily integrated into a common semiconductor circuit is employed to initially turn on the control N channd 

ch^ which includes the power device of the high side MOSFET. 

switch. 10 ^ a still further feature of the invention, the voltage 

High side switches are well-known for numerous appli- doublcr diodes are implemented as synchronous rectifiers 

cations in which a load with a grounded terminal must be consisting of a MOSFET in place of one diode, and aresistar 

driven fiom a power supply and whidi includes a MOSgated and MOSFET for the other diode. These oonqx>ttents are 

power device having a ^te tcmunal which requires a easily integrated into the N~ epitaxial substrate of an inte- 

potential hi^er than that of the power si^ly to turn on the grated drcuit containing an N channel MOSgated main 

switch. A ''charge punq)" circuit is commonly provided to power device. 

produce the hi^cr voltage needed to turn on the MOS gate Other features and advantages of tiie present invention 

controlled ("MOSgated'O power device when commanded will become apparent from the following description of the 

to do so by an input signal. Such devices are commonly invention which refers to the accompanying drawings, 
integrated circuit chips in which the power MOSgated ^ 

device, chaige pump and otha control circuits are integrated BRIEF DESCRIPnON OF THE DRAWINGS 

in a common semiconductor chip. - . . ♦ * , ^ 

«^ ^ -* t.. . .TT . ^ , , FIG. 1 is a circuit diagram of a known high side switch, 

ftesently available high side dnvers have several prob- „^ ^ ^ . ^ . . ^ 

lems including the foU^ing: ^ ^ ^ ^^^^ 

o_ . ^. . * J. . ^ , ,^ .25 a voltage double, which is used for the circuit of FIG. 1 to 

Severe noise is generated in both the supply voltogc and p^g^ f„ ^le MOSgated powcx device. 

ground pins in many appncations, due to the high ^ T . . , . - 

frequency (1 mHz) diarging and discharging of the ''''^^F *^ MOSgated 

voltage doubling capacitor in me diarge pump. P^^^' ^"^^ ^ ^ ^« * function of time. 

The charge pump cqiacitor requires an excessively thick «, ^ ^^^^^ *® *^ ^^^^^ invention 

oxide and silicon area when integrated into a siHoon in which any desired chaige punq) circuit is connected to a 

dap for hi^ supply voltage applications, for cxanqile, floating node. 

those greater than 12 volts. FIG. 4a shows the circuit of FIG. 4 with a preferred 

The tom-oflf switdi needed to disconnect the powtt embodiment for a constant current circuit connecting the 

MOSgated device from the charge pun^ in the device 35 floating node of any desired charge pump circuit to flie 

"oflr condition is difficult to inq)lement in an N channel integrated draut ground. 

chip embodiment where high voltage P channel control FIG. 5 shows the circuit of FIG. 4 with the charge pump 

MOSFETs are not available. of FIG. 2, and with a modified constant current circuit 

The monolithic implementation of the voltage doublcr embodiment 

diode in die chaige pump is difficult, and it cannot be 40 FKj. 5a shows a prefened inq>lementation in silicon of an 

integrated as a simple P/N diode in the N~ epitaxial added transistor in the constant current circuit of FIG. 5 to 

substrate of a conventional integrated circuit employ- enable the device to withstand high voltage, 

ing a self-isolated vertical conduction process. FIG. 6 shows the current of the constant current dicuit. 

The output voltage of the chaige pump circuit is reduced superimposed on the charge punq> ou^Nit current for the 

by the diode f (swaid voltage drops in the charge pump 45 drcuit of FIG. 5 to demonstrate die reduced noise level at the 

doutder circuit, which has a major effect in low voltage power and ground pins of the circuit 

applications. FIG. 7 shows the circuit of FIG. 4, modified to enqdoy an 

The present invention provides a novel charge pump auxiliary MOSFEF to implement the off switch, schemati- 

drcuit for high side switches which has low noise and high cally shown in FIGS. 4 and 5. 

efficiency, and is more easily integratable in the same chip 50 g ^^^^ Pjq 5 ^^^^ ^ modified to 

containing the power MOSgated device. cottUdn the auxiliary power MOSFEF of FIG. 7 and a novd 

BRIEF DESCRIPnON OF THE INVENTION start-up drcuit. 

In accordance with tiie present invention, a novel diaige FTO. 9 shows flie drcuit of FIG. 8 widi a modified start-up 
pump dicuit is provided for a high side switch in which the 55 

charge pomp is disconnected firom the ground terminal of the 10 is a bloc^ diagram of a high side drcuit, whidi 

integrated circuit and is connected instead to a floating node. enq>loys the novd auxiliary MOSFET of FIGS. 7» 8 and 9, 

Hie floating node is dien connected to the integrated circuit ^ combination with a novel start>up circuit and a known 

ground by a constant current source. Therefore, the cunent <ypc grounded charge pwap. 

from the source terminal pin is constant, diusredudng noise 60 FIG. 11 is a cross-section of a portion of an integrated 

at die ground and source voltage pins. circuit chip which contains a chaige pnaap diode connected 

Since the diaige pump is connected to a floating node, it to the main device gate to show the problems of its inte- 

15 possible to damp the chaige pump voltage to a low gration into the chip. 

voltage, even though die output voltage of the device is FIG. 12 shows the charge pump circuit of FIG. 2 in whidi 

higher: Therefore, the voltage across the charge pump 65 die diode connected to the power MOSFET gate is replaced 

capacitor is low, even for a hi^ voltage device, and its size by a transistor and resistor which are easity integratable into 

is limited. a common silicon chip with the power MOSgated device. 
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FIGS. 13a. 13^ and 13c show the operation of (he drcuit The circuit of FIG. 2 has the following drawbacks: 

cf FIG. 12 on a comznon time base. 1. The cfaazging and discharging of capadtxa 44 at high 

no. 14 shows die circuit of FIG. 12 in whidi the resistor frequency, typically 1 MHz, generates hi^ frequency 

of tfieresistQr.transistorcombinationisreplacedbyadeple. ^^^'^^ "'.^^ and ground pin nodes and related 

tion mode transistor. ^ padcagp pins of the IC 40, causing severe noise prob^ 

uiww. uaiK>i:>iui. ^ ^licatlons. 

FIG. 15 shows an improvanent cf the circuit of HG. 14 2. It is difficult to inmlcmcnt switch 47 into a single 

to pemiit the appHcation of (he full voltage of 2 V« to the sfli^on chip fcr the entire circuit with most available 

gate of the power device. processes, especially when noPchannd MOSFETs arc 

FIGS. 1^, 16^ and 1^ show waveforms which describe xo available, 

die operation of the ciroiit of FIG. 15. 3. It is difficult to extend the use of the drcuit to 

FIG. 17 shows the drcuit of FIG. 15 with a push-pull applications with high voltages because the fuUV^^ 

implementation. is ^Hed across opadtor 44. Therefore, to inq^lement 

HGS. 18a to 18J are waveforms on a common time base c^dtor 44 in an integrated circuit for high voltage, 

to explain the q)cration of the circuit of HG. 17. ptohibitivdy thick oxides and greater silicon area are 

required. 

DETAILED DESCRIFTION OF THE DRAWINGS ^ ^^^^^ ^ first embodiment of the present invention, 

in whidi the circuit of FIG. 2 is modified by connecting the 

Refening first to FIG. 1, ttieie is shown a typical prior art ground lead 50 of charge pump 4# (^own as a block in FIG. 

hi^ side switohing circuit Such circuits are used in many 20 4) to a floating node 51. The floating node 51 is then 

q)plications, for example, automotive, in which it is neces- connected to ground 52 by a constant current source circuit 

sary to drive a load having a grounded terminaL Thus, in 53. A voltage regulator, fcr example, a zener diode 54 

FIG. 1, a battery 3# is connected to load 31 through an N connects nodes 49 and 51. 

channd power MOSFHT 32. The negative terminal cf The charge pun^) 44 can be of any desired type, including, 

battery 3# and one side of load 31 are connected to a 25 butnotlimitedto that of FIG. 2. A significant feature cf the 

common ground, fcr exan^le, an automobile diassis. The circuit of FIG. 4 is that the charge pump 40 is connected to 

positive terminal of battery 30 is at a voltage which may floating node 51 instead of the ground node 52. The current 

be 12 volts. The power MOSFET 32 may be any other in die ground pins and pins of the circuit will thexefoie 

desired MOSgated device, such as an IGBT, or MOSgated be pure direct current, in view of the constant current source 

thyristor or the like. 30 53, so that the operation of cfaaige pump 40 generates no 

When MOSFET 32 is in the on state, its source is dose to noise at these pins, 

the power supply potential In order to have a low FIG. 4a shows the circuit of FIG. 4 wiOi constant current 

drain-to-source voltage drop, it is necessary to bias the gale source 53 implemented as MOSFET 60, the gate of which is 

G of MOSFET 32 at a potential of 5 to 10 volts above the driven by cascade control MOSFETs 61 and 62 which are 

potential of source S, which is 5 to 10 volts above In ^ enhancement and depletion mode MOSFETs respectively 

most cases, particularly where the high side switdi is FIG. 5 shows the circuit of FIG. 4, using the charge panq> 

implemented as a stand-alone IC, no supply voltage above of FIG. 2 and a modified constant current source. More 

is available in the system, and a voltage above has specifically, the current source in FIG. 5 includes an added 

to be generated on the chip. Hiis is commonly done by a N channel MOSFET 70 which is easily integrated, as will be 

capacitive voltage multiplier, often called a charge pump. 40 later described. 

FIG. 2 shows a known voltage douWcr dicuit 40 com- ^ ^ ^^S. 4, 4a and 5, the supply voltage 

monlyusedinhighsideswitohes,connecte4todiehighside ^ ^^^^ «f ^'^^ ^ ^ 

switoh of HG. L The doubler drcuit 40 employs a square " ^.^ constant current arcmt 53 is greater tiian 

wave osdEator circuit 41, the output of which is buffcrizcd current Ui of charge pump 41 then, as shown m FIG. 6, 

l)y buffer 4i The output node 43 of buffex 42 is connected ;hf <wrent in the ground an^ 

to capadtor 44 wWdi is connected to and charged through cstcmt wUl be a pure direct current Hieicfore, the high 

diode 45 from source The node between capadtor 44 frequency onrem of the dwigcpunvgenentes zoo or voy 

and diode 45 is connected to diode 46 which is, in torn, low noise. Presently avaflable high side switdies, such as the 

connected to die gate of MOSFET 32. Two switdiing Intcm^onal Rectifier Corporation, and 

devices,shownasswitdies47and48,areprovidedin whidi ^ BTS410E made by Siemens have peak-tOi>eak WJ 

switdi 47 is operable to connect and disconnect node 49 S^^^*^^ ^ ^^^^ 0.1 miUiampere. Circuits 

from power supply 30 and switdi 48 doses in the MOSFET employing the floating node 53 of FIGS. 4, 4fl and 5 have a 

32 oflf state to puU die gate of MOSFET 32 to ground (or to microamperes peak-to-peak which is hardly 

the source of MOSFET 32). disccmable from badcground noise. 

55 A further advantage of the circuits of FIGS. 4, 4a and 5 

The diarge punq) 40 operates as follows: ^^^^^ capadtor 44 is limited to the zcna 

Whennode43attheoutputof buffer 42 is low, capadtor voltage (V^-VjJ where V51 is tite voltage at node 51. 

44 is charged from V„ through diode 45. When the Therefore, a hi^ voltage charge pump drcuit can l)e built 

node 43 at die oatpax of buffer 42 is high* the diarge of widi low voltage capadtors with diin oxides and smaller die 

capadtor 44 is transfenred to the gate of MOSFET 32, tio area without sacrifidng reliability. By way of example, die 

dirottgh diode 46. Ihe voltage on die gate of MOSFET circuit of FIG. 5 may operate widi a of iq) to 60 volts 

32 then increases in step fashion, as shown in FIG. 3, while die voltage applied to the cfaaige pun^) cq>adtor is 

and die voltage at the gate of MOSFET 32 approaches limited to 7 volts. 

2 to tun on MOSFET As previously mentioned, the constant cuzrent drcuit 53 

To turn off MOSFET 32, switoh 48 doses to pull 10 die 65 in FIG. 5 contains an added MOSFET 70. MOSFET 70 is a 

gate voltage to ground and switch 47 is opened to isolate relatively high voltage MOSFET to be used in hi^ voltage 

node 49 from the power supply. applications to remove hi^ voltage from MOSFET dO. A 
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fixed gate voltage, for example, 7 volts, is applied to ttie gate about 1 megohm. Thus, node 49 is pulled up to (V^-0.6) 

of MOSFET 70 and it is easily integrated into ttie common volts, starting the diaig? pump 40 operation, 

diip v^cfa contains all otfao* circuit elements of FIG. 5. The novel auxiliary MOSFET 90 and any desired startHip 

The implementation of MOSFET 70 as a lightly doped circuit 110 can be used with the circuit of FIG. 2 in which 

drain MOSFET is shown in FIG. 5<2^ch is a cross-section 5 the chaige pump 40 is referenced to ground, as well as with 

of a portion of the dtup. Thus, the chip 71 has a lightly doped the novel charge pimp circuit with a floating node as in FIG. 

substrate 72 \^1iich receives all of the junctions which 4. FKj. 10 is a block diagram of such a circuit 

make up the circuit Hie power section of the chip which The charge pump circuit of the preceding figures employs 

defines the power MOSFET 32 consists of any desired diode 46 in the charging dicuit. ft is difficult and sonietimes 

junction pattern and can be a vertical conduction device 10 impossible to integrate this diode into a monolilliic inte- 

having a plurality of spaced P base diffusions 73 whidi grated circuit FIG. 11 shows an attempt to integrate diode 

contain respective sources, such as N*" source 74. The 46 into the P-wcll 120 in the substrate 72 of FIG. So. 

channel regions of each of bases 73 are covered by a Diode 46 is fanned by diffusion 121 in well 120. 

MOSgate 75 which may be a polysilicon gate. The gate 75 Electrodes 122 and 123 are connected to regions 120 and 

is conventionally insulated firom source electrode 76 which 15 121 respectively to fcm the electrodes of the diode 46. 

contacts each of the bases 73 and their respective sources 74. Since the epitaxial substrate 72 is the drain of power 

Adrain electrode 76a is fonned on die bottom of chip 72 and MOSFET 32, and is connected to diode 46 cannot be 

is connected to integrated as a simple FN diode because its anode has to be 

P-wells, such as P-well 77, are also diffused into the same able to float several volts above However, this is 

diip to contain control circuits fot die main power device. 20 impossible because of the parasitic diode 124 between the 

FIG. 5a shows one such P-wdl 77 which contains MOSFET anode of diode 46 and A sinopk integration of diode 46 

70. Thus, MOSFET 70 is an N diannel device comprising an is therefore impossiUe. 

source diffusion 78, an drain diffusion 79 and an Another drawback of the diodes 45 and 46 in the charge 

drain contact diffusion 80. Its polysilicon gate 81 extends pump cf FIG. 2 is that they reduce the ou^t voltage of the 

across the P channel region between diffusions 78 and 79. 25 charge pump 40 by their forward voltage drops to (2 

Thus, the MOSFET 70 is easily formed in chip 71, using (where 2 V^is the forward voltage drop of diodes 45 and 

many of die same process stq>s which form the power 46). This can be a substantial reduction for low appli- 

section 32. cations such as laptop conqxiters or automotive applications. 

The chip 71 is conventionally housed after its conviction FIG. 12 shows a modified chaige pump circuit in which 

and externally available terminal pins extend through the 36 diode 46 is replaced by more easily integratablecon^nents 

housing to the various electrodes of the device. Thus, a and widi a reduced forward vdtage drop in die ouq>ut of the 

terminal pin will be connected to the drain electrode 76a and chaige pump circuit Thus, diode 46 is replaced by enhance- 

a source terminal pin will be connected to the source ment mode transisUx 130, depletion mode transistor 131, 

electrode at node 82 in FIGS. 4a and 5. A ground terminal resistor 132, and a substrate diode 133 of transistor 131. 

pin wiU also be connected to the ground nodes in the chip 71 35 These components are easily integrated into the substrate 72 

which are shown in the circuit of FIGS. 4a and 5. of FIG. 11. 

FIG. 7 shows the circuit of FIG. 4 witii the switch 47 The operation of die circuit of FIG. 12 is described as 

inq>lemented as an auxiliary N channel power MOSFET 90 follows, in connection with FIGS. 13a, 13b and 13c y/idch 

can easily be integrated int o the I C chip 71 cf FIG. 5a show the voltages at nodes 134-43, 135, and 136 reqiec- 

witfa any conventional power MOSFET process since MOS- 40 tively.HiuSythefirsttimetheouQyutof bufo42atnode43 

FETs 32 and 90 have a common drain. goes hig)i, die node 136 at the gate of MOSFET 32 charges 

Switch 48 in FIG. 7 is implemented as a lateral NMOS up to (V^-V^, through die substrate diode 133 of defection 

transistor widi a lighdy doped drain, similar to MOSFET 70. mode transistor 131. When die output at node 43 goes low. 

During steady state operation of the circuit of FIG. 7, capacitor 44 charges up through diode 45. During this 

chaige pump 40 provides a voltage at node 91 which is 45 period, transistor 131 is in its off state; its source at node 134 

connected to the gate of power MOSFET 90 which is 5 to and its drain at node 136 being at (V^-Vy) ^iMe its gate at 

10 volts above MOSFET 90 is thus turned fully 00 and node 135 and its substrate are at 0 volts. Tlnis, transistor 131 

die chaige punq) 40 receives power from is off and die gate of power MOSFET 32 is isolated from die 

In order to turn on the circuit of FIG. 7, a start-up circuit renoudnder of the circuit 

is needed, as shown in FIG. 8, to initially pull up node 49 to 50 When node 43 goes high, node 134 rises to (2 V^-V^. 

start die charge pumping action. Thus, in FIG. 8, a stait up Transistor 130 then turns off, enabling the gate of transistor 

circuit consisting of diode 91, switch 92 and voltage source 131 to reach the potential of its source through resistor 13Z 

93 are provided. Voltage source 93 has a low voltage which Since transistor 131 is a depletion mode device, it turns on 

may be derived from V^. Switch 92 may be implemented as with 0 volts between gate and source. Therefore, the chaige 

a low voltage transistor. 55 on capacitor 44 will transfer to die gate of MOSFET 32 

Inoperationof die circuit ofFIG. 8, at turn on, switch 92 through transistor 131. 

closes to provide an initial voltage to diarge pump 40. The This process continues each cyde until the node 136 

charge pump 40 will then begin to supply itself from potential shown in FIG. 13c readies die limit of (2 V^-V^. 

dirou^ transistor 90 which is turned on and the circuit will Note that this limit is higher dian that of die prior art circuit 

operate as previously described. 60 of FIG. 2 by one diode drop because there is only one 

FIG. 9 shows anodier embodiment of the stait-up circuit diode in die current padi. Rirthamore, transistors 130, 131 

of FIG. 8 and employs transistors 100 and 101 and resistor and resistor 132 may be easily integrated into the IC because 

102. In operati<»i of die circuit of FIG. 9, at tum-on, die gate the substrate of transistor 131 never exceeds 

of transistor 100 is pulled to ground by start control circuit FIG. 14 shows an enibodiment of the circuit of FIG. 12 in 

103. Hie base of b^lar transistor 101 is pulled up by 65 which resistor 132 of FIG. 12 is rq)laced by a d^etion 
resistor 102 which is inqxlemented as a dqiletion mode mode MOSFET 140 whidi is easily integrated into the IC 
transistor which has a high resistance value equivalent to substrate. 



5,672,992 

7 8 

FIG. 15 shows a modification of the drcuit of FIG. 12 The sameprooesstakBsplace at each clock half cyde until 
which even further reduces the volta ge dr op of the output of the voltage on the gate of M OSFET 32 reaches tiie limit of 
the chaige pump at the gate of MOSFET 32 and eliminates 2 As in tibe drcuit of FIG. 12, the output voltage of the 
all diode dnq>s. Thus, transistor 159, resistCEr 151» capad t g* charge punq> is unaffected by any diode diap because there 
152, diode 153 and transistor 154 are added to the drcuit of 5 is no diode in the current path. 

ng 15 to av< ttd Ac drop pioduced by diode 45 in HG. 12. Note that the circuit <rf FIG. 17 doubles ttie parent 
Ncte that MOSFET 15# rq)laces diode 45 of the dicuit of frequency of the charge pump and thus reduces the r^le at 

node 136 by a factor of 2. 

ITie^ationcftiicdrc^ Although the present invention has been described in 

fromthecuivesofFKjS. 16a, 1456 and 16c. Hie potentials trT ^^u^i^^t. 

atnodcsl34-43,16^161andl35-162respcctiv<^nG. 'fi^^'^ Pf^^ a^bodiments thereof, manyc^a 
15 are shown in FIGS. 16fl, 16fe and 16c. The first time the vanattons and mo^^tions and other uses will become 
output at node 43 goes high, the gate of power MOSFHT 32 ^ Z 'AT^r 

at node 136 diarges to (V^-V^ through the substrate diode mat the present inventiwi be hmted not by the specific 
133 of depiction mode transistor 131. At tiic same time, node disclosure heicm, but only by the appended claims. 

161 is low and c^iadtor 152 is diarged up to (V^-vi 15 What is daimed is: 

dirough diode 153. ^- ^ switdi circuit comprising, in combination: 

When node 161 goes high, node 43 goes low. Since ^ &^ controlled MOS power semiconductor device having 
capadtor 152 is already diargod to (V^-y^« node 160 will first and second power electrodes and a control dectrode; a 
be boosted to (2 V^-V^. Since transistor 154 is off, node charge pump drcuit having first and second power terminals 

162 will also be boosted to (2 V^-V^ and transistor 156 will 20 and an ou^ut terminal; a constant current source drcuit 
be fully "on."* Capadtor 44 will then chaige up to having input and output tenninals; a input voltage 
through transistor 150. For the same reasons described in terminal connected to said first power electrode of said gate 
connection with the drcuit of FIG. 12, t ransist or 131 will be controlled MOS power semiconductor device and connect- 
off during this time and ttkt gate of MOSFET 32 is isolated able to a source of power; a load terminal connected to said 
from the dicuit 25 second power dectrode of said gate controlled MOS power 

When node 43 next goes hig)i, transistor 154 turns on and semiconductor device and oonnectatde to a grounded load 
node 162 falls to 0 volts, turning off transistor 150, allowing that is capable of being energized from said source of power 
node 134 to rise to 2 For the same reasons as in FIG. when said gate controlled MOS power semiconductor 
12, transistor 131 turns on and the diarge on cq>acitor 44 device is closed; and a ground terminal connectable to said 
will transfer through ttie transistor 131 to the gate of 30 grounded load; said charge pun^ drcuit being operable to 
MOSFET 32. produce an output voltage at its said ou^ut terminal which 

The same process repeats eadi cycle until the voltage at is higher than said input voltage; said first power 
node 136 reaches 2 Thus, the voltage at node 136 is 2 terminal of said diarge pump circuit being connected with 
Vf higha than that of the charge pump of FIG. 2 because said iiQ)ut voltage tenninal; said second power tenninal 
there is no diode in the current path. 35 of said charge punip drcuit connected to said input tenninal 

FIG. 17 shows the basic ctrcuit of FIG. 8 inq>kmented as of said constant current circuit; said output tftrmi'mii of said 
a push-pull drcuit The two halves of the drcuit are constant current drcuit connected to said ground terminal, 
symmetric, the left-hand side of the drcuit using the same whereby said second power terminal has a floating potential 
numerals as in FIG. 8 and &e right-hand side of the circuit and the currents at said input voltage terminal and at said 
using the same numerals with the suffix ""a*^. Only a portion 40 ground tenninal are constant so that noise at said V„ input 
of the hig^ side switch is shown, particularly the power terminal and at said ground tenninal is reduced; said output 
MOSFFT 32 having its gate connected to node 136 as shown terminal of said charge pump circuit being connected to said 
by the dottcd-line connection. control electrode of said gate controlled MOS power semi- 

The operation of the drcuit of FIG. 17 is bc$t understood conductor device for providing, in conjunction with said 
byreferencetoFIGS. 18a, 18d, 18c and ISdwhidi show die 4S constant current source sinking current from said chaige 
voltages at nodes 134-43, 134a--43a, 135~135a and 136 in pomp, a voltage suflidentty higher than the voltage of said 
FIG. 17 respectively. It will be seen in FIGS. 19a^ ISb and second timiliial to turn on said gate controlled MOS power 
18c that the potentials at nodes 134, 43 and 135 are in semiconductor device. 

opposite phase to the potentials at nodes 134a, 43a and 135a 2. The circuit of daim 1 wherein said g^te controlled 
req>ectivdy. so MOS power semiconductor device is a power MOSFET. 

When node 43 is low, node 43a is at and node 134a 3. The circuit of daim 1 which further indudes voltage 
is at 2 Tberefcie, transistor 150 is fully ^on" and clamp means connected tietween said first and second power 
cq>adtor 44 is charged up to throu^ transistor 150. terminals of said chaige puiiq> drcuit to limit the vcdtage 
During this period, transistor 130 is "on** so that transistor therebetween. 

131 is "off.** Similariy, transistor 130a is **ofir so tiiat 55 4. The circuit of daim 3 wherdn said vdtage dan^i 
transistor 131a is "on" and the chaige of capadtor 44a is means comprises a zener diode. 

transferred to the node 136 and the gate of power MOSFFT 5. The drcuit of daim 1 wherein said chaige pump drcuit 
32. conqnises, in oombination: a square wave oscillator con- 

Node 43 then goes to and node 134 is boosted to 2 nected to and operated firom said first and secmd power 
This turns transistor 15ta fully ^^on," which turns "ofi** 60 terminals of said diargp pump drcuit and having an osdl- 
transistor 150 and prevents the disdiarge of CBp^dtot 44 lator ou^t terminal, an inverter buffer connected to said 
through transistor 150. Since transistor 150a is ^on** and oscillator ou^t terminal, a charge storage capacitor, a first 
node 43a is low, capadtor 44a will be charged up to diode and a second diode; said inverter buffer having an 

through transistor 150a. During this period, transistor 130a ou^t connected in series with said capadtor and said first 
is ""on** so transistor 131a is **ofir Similarly, transistor 130 is 65 diode to said control dectrode of said gate controlled MOS 
"off* so transistor 131 is "on"* and the charge of capadtor 44 power device; said second diode connected from said 
is transfisired to the gate of power MOSFET 3Z ii^t voltage terminal to the node between said capadtor 
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aod said first diode whereby, when the output of said inverts device is dosed; a ground tenninal conncctable to said 

buffer is low, said a^dtor is diarged from ttie vdtage at grounded load; said diaige pump drcuit being operable to 

said V„ tennioal and through said second diode and, when produce an output voltage at its said ouQ>ut terminal which 

saidoutputof said inverter buffer is high, the voltage of said is higher than said input voltage; said first power 

capacitor plus the voltage of said terminal are applied in 5 terminal of said charge pump circuit being connected with 

series through said first diode to said control temiinal of said said iiqxit voltage tenninal; said second power tenninal 

g^te controlled MOS power device. of said charge pump dicuit connected to said input terminal 

6. Ibe drcuit of claim 5 which further indudes voltage of said constant current circuit; said output tenninal of said 
damp means connected between said first and second power constant current circuit connected to said giound temfnai^ 
tmninals of said diarge pomp drcuit to limit the voltage lo whereby said second power tenninal has a floating potential 
therebetween. and the currents at said input voltage terminal and at said 

7. The circuit of claim 6 wherein said vdtagp damp ground tenninal are constant so that noise at said input 
means comprises a zencr diode. terminal and at said ground tenninal is reduced; said output 

8. The circuit of daim 3 wherdn said charge pump circuit terminal of said diaige pun^ drcuit being connected to said 
comprises, in combination: a square wave oscillator con- 15 control electrode of said gate controlled MOS power semi- 
nected to and operated from said first and second power conductor device for providing a voltage sufSdently higher 
terminals of said duuge punq> drcuit and having an osdl- than the voltage of said second terminal to turn on said gate 
lator output terminal, an inverter buffer ccmnected to said controlled MOS power semiconductor device; and first 
oscillator output terminal, a diargc storage capadtor, a first switching means operatde to connect and disconnect said 
diode and a second diode; said invoter buffer having an 20 charge pump first power tenninal to said input voltage 
ou^t connected in series with said capadtor and said first terminal and second switching means for connecting and 
diode to said control dectrode of said gate controlled MOS disconnecting said control electrode of said gate controlled 
power device; said second diode connected from said MOS power device to said ground terminal when said first 
input voltage tenninal to the node between said capacitor switdiing means disconnects and connects said pomp first 
and said first diode whereby, when the output of said inverter 25 power terminal to said input terminal respectively, 
buffer is low, said o^dtor is diarged from the voltage at 12. The circuit of daim 11 wherein said gate controlled 
said tenninal and dirough said second diode and, when MOS power semiconducUv device, said charge pump 
said output of said inverter buffer is high, the voltage of said circuit, said first switching means and said current source are 
capadtor |dus tfie voltage of said V^c terminal are applied in integrated into a moncdithic semiconductor chip. 

series through said first diode to said control tenninal of said 30 13. The circuit of daim 11 wherein said gate controlled 

gate controlled MOS power device. MOS power semiconductor device, said charge pump 

9. The circuit of daim 1 wherein said gate controlled circuit, said voltage clamp means and said cuirrat source are 
MOS power semiconductor device, said charge pump integrated into a monolithic semioonductcv diip. 

dront, and said current source are integrated into a mono- 14. Ahig)i side switch circuit comprising, in combination: 

lithic semiconductor chip. 3S a gate controlled MOS power semiconductor device having 

10. The ciront of claim 1 wherein said charge pvaop first and second power dectrodes and a control dectrode; a 
circuit conqxises, in combination, a square wave oscillator charge pump circuit having first and second power terminals 
connected to and operated from said first and second power and an output terminal; a constant current source circuit 
terminals of said charge pump circuit, an oscillatar output having input and ou^t terminals; a input voltage 
terminal, an inverter bi^er connected to said osdilator 40 terminal connected to said first power dectrode of said gate 
ou^ut terminal, and a charge storage c^dtor, said inverter controlled MOS power semiconductor device and connect- 
buffer having an ou^t connected to said c^dtor; a first able to a source of power; a load terminal connected to sdd 
. coupling circuit means coupling said capadtor to said con- second power dectrode of said gate controlled MOS power 
trol electrode of said gate controlled MOS power scmicon- semiconductor device and connectable to a grounded load 
ductor device; a second coupling circuit means for coupling 45 that is capable of being energized from said source of power 
said input voltage terminal to the node between said when said gate controlled MOS power Semiconductor 
capacitor and said first coupling circuit means whereby, device is dosed; a ground temdnal coimectable to said 
^en file output of said inverter buffer is low, said capadtor grounded load; said charge pump circuit being operable to 
is charged from ^e voltage at said terminal and throu^ produce an ou^ut voltage at its said ou^iut termiiud wfaidi 
said second coi^ling means and, when said output of said 50 is M^er than said input voltage; said first power 
inverter buffer is high, fiie voltage of said capadtor plus the terminal of said charge pun^ circuit being connected with 
voltage of said terminal are applied in series through said input voltage terminal; said second power terminal 
said first coupling means to said control terminal of said gate of said charge pump circuit ooimected to said ir^t terminal 
controlled MOS power semiconductc^ device. of said constant current drcuit; said output tenninal of said 

11. A high side switch circuit comprising, in combination: 55 constant current circuit cormected to said ground terminal, . 
a gate controlled MOS power semiconductor device having whereby said second power terminal has a floating potential 
first and second power electrodes and a control electrode; a and the currents at said ii^ut voltage terminal and at said 
charge punip circuit having first and second power terminals ground tmninai are constant so fliat noise at said input 
and an output terminal; a constant current source drcuit terminal and at said ground tenninal is reduced; said output 
having input and output tenmnals; a input voltage 60 terminal of said charge pump circuit l>eing connected to said 
tenninal connected to said first power dectrode of said gate control electrode of said gate oontroUed MOS power semi- 
oontroUed MOS power semiocHiductor device and connect- conductor device for providing a vdtage sufSdently higher 
able to a source of power, a load tenninal oormected to said than the voltage of said second terminal to turn on said gate 
second power ciectrode of said gate controlled MOS power controlled MOS power semiconductor device; voltage 
semiconductor device and connectatde to a grounded load 65 clamp means connected between said first and second power 
that is capable of bdng energized from said source of power terminals of said charge pump circuit to limit the voltage 
^en said gate oonlrdled MOS power semiconductor therebetween; and first switddng means operable to connect 
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and disconnect said cfaaige pump first powcx tenmnal to said 
input voltage tenmnal and second switdiing means for 
connecting and disconnecting said control electrode of said 
gate controlled MOS power device to said ground tenmnal 
when said first switching means disconnects and connects 
said punq) first powcf tenninal to said iopat tenmnal 
respectively. 

15. A high side switch circuit comprising, in combination: 
a gate controlled MOS power semiconductor device having 
first and second power electrodes and a control electrode; a 
cfaaige pump dicuit having first and second power tenninals 
and an output terminal; a constant cuncnt source circuit 
having input and output terminals; a input voltage 
tenmnal connected to said first power electrode of said gate 
controUed MOS power semiconductor device and connect- 
able to a source of power; a load terminal connected to said 
second power electrode of said gate controlled MOS power 
semiconductor device and connect and connectahLe to a 
grounded load that is enable of being eneigized from said 
source of power when said gate controlled MOS power 
semiconductor device is dosed; a ground terminal connect- 
able to said grounded load; said charge pump circuit being 
operable to produce an output voltage at its said ou^ut 
terminal which is higher than said input vdtagp; said 
first power terminal of said charge pump circuit being 
connected with said input voltage terminal; said second 
power terminal of said charge pump circuit connected to said 
input terminal of said constant current circuit; said ou^ut 
terminal of said constant current circuit connected to said 
ground terminal, whereby said second power terminal has a 
floating potential and the currents at said v^ input voltage 
terminal and at said ground terminal are constant so that 
noise at said input terminal and at said ground terminal 
is reduced; said ou^ut terminal of said charge puinp circuit 
being connected to said control electrode of said gate 
controlled MOS power semiconductor device for providing 
a voltage sufficiendy higher than ttie voltage of said second 
tenninal to turn on said gate controlled MOS power semi- 
conductor device; and first switching means opo-able to 
connect and disconnect said charge pump first power termi- 
nal to said input voltage terminal and second switching 
means for connecting and disconnecting said control elec- 
trode of said gate controlled MOS power device to said 
ground terminal when said first switdiing means disconnects 
and connects said pump first power terminal to said 
input terminal respectivdy; wherein said charge pump cir- 
cuit comprises, in combination: a square wave osciUator 
connected to and operated from said first and second power 
terminals of said charge puinp circuit and having an oscil- 
lator oatpat terminal, an inverter buffer connected to said 
osdllator ou^ut tenninal, a diarge storage capacitCK-, a first 
diode and a second diode; said inverter buffer having an 
ou^t connected in series with said capacitor and said first 
diode to said control electrode (tf said gate controlled MOS 
power device; said second diode connected from said W^c 
input voltage terminal to the node between said cap&dtai 
and said first diode whereby, when the output of said inverter 
buffer is low, said capacitor is charged from the vcdtage at 
said terminal and through said second diode and, when 
said output of said inverter buffer is high, tiie voltage of said 
c^>acitor plus the voltage of said terminal are applied in 
scries through said first diode to said control terminal of said 
gate controlled MOS power device. 

16. A high side switch circuit comprising, in combination: 
a gate controlled MOS power semiconductor device having 
first and second power electrodes and a control electrode; a 
cfaaige pump circuit having first and second power terminals 
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and an ou4>ut terminal; a constant current source circuit 
having input and output terminals; a input voltage 
tenmnal connected to said first power dectrode of said gate 
controlled MOS power sonioonductor device and connect- 

5 able to a source of power; a load terminal connected to said 
second power dectrode of said gate controlled MOS power 
semiconductor device and oonnectable to a grounded load 
that is capable of being energized from said source of power 
when said gate controlled MOS power semiconductor 

10 device is dosed; and a ground terminal connectable to said 
grounded load; said charge pump circuit being operable to 
produce an ouQiut voltage at its said output tominal vAdch 
is highv than said itsput voltage; said first power 
terminal of said charge pump dicnit being connected with 

15 said input voltage tenninal; said second power terminal 
of said diaige pump circuit connected to said input terminal 
of said constant current circuit; said ou^ut tenninal of said 
constant current circuit connected to said ground terminal, 
whereby said second power terminal has a floating potential 

20 and the currents at said input voltage terminal and at said 
ground tenninal are constant so diat noise at said input 
terminal and at said ground terminal is reduced; said output 
terminal of said charge pump circuit being connected to said 
control electrode of said gate controlled MOS power semi- 

25 conductor device for providing a vdtage suffidenfiy higher 
than the voltage of said second terminal to turn on said gate 
controlled MOS power semiconductor device; and wherein 
said constant current circuit comprises a first control MOS- 
FET having drain and source electrodes connected to said 

30 second power terminal of said charge pump circuit and said 
ground terminal respectively and a cascaded enhancement 
mode MOSFFT and dqpletion mode MOSFET connected 
between an auxiliary voltage source and said ground termi- 
nal; the node between said enhancement mode and dqdetion 

35 okode MOSFETs ooimected to their reiqpective gates and to 
the gate of said first control MOSFET. 

17. The circuit of clai m 16 which fiirthtf includes a 
second control MOSFET in combination with said fiirst 
MOSFET to increase the voltage between said second power 

40 terminal of said charge pomp circuit and said ground ter- 
minal without breakdown of said first control MOSFET. 

18. The circuit of claim 16 which further indudes voltage 
clamp means connected l)etween said first and second power 
terminals of said charge pusap circuit to limit die voltage 

45 therebetween. 

19. The circuit of claim 17 which furtiier indudes voltage 
clamp means connected between said first and second power 
terminals of said charge pump circuit to limit the voltage 
therebetween. 

so 20. The circuit of claim 18 wherein said voltage clan^ 
means comprises a zencr diode. 

21. The circuit of claim 19 ii^erdn said voltage damp 
means comprises a zener diode. 

22. The circuit of claim 17 wherein said diarge pump 
55 circuit coxxxpdscs^ in combination: a squarc wave oscillator 

connected to and operated from said first and second power 
terminals of said charge pump circuit and having an oscil- 
lator output terminal, an inverter buffer connected to said 
oscillator output terminal, a charge storage capadtcr, a first 

60 diode and a second diode; said inverter buffer having an 
ou^ut connected in series with said c^acitor and said first 
diode to said control electrode of said gate controlled MOS 
power device; said second diode connected from said 
input voltage terminal to the node between said capadtor 

65 and said first diode wherd^y, when the ou^Kit of said inverter 
buffer is low, said capadtor is charged finom the voltage at 
said terminal and through said second diode and, when 
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said output of said inverter buffer is high, the voltage of said chaxge puixq> circuit being operable to produce an output 

capacitor plus the voltage of said terminal are applied in voltage at its said output terminal which is higher than said 

sedes through said first diode to said control Cenninal of said input voltage; said second power terminal of said charge 

gate controlled MOS power device. P™9> connected to said ground terminal, whcrd>y 

23. A Mgh side switdi circuit con[q>rising, in combination: 5 said output tenninal of said charge punq) circuit is connected 
a gate controUed MOS power semiconductor device having ^ «>^^ etecttodc of said gate controUed MOS power 
first and second power electrodes and a control electrode; a semicondudor device for providing a voltage suffiaently 
charge pump circuit having first and second power terminals ^^I'^S^l to turn on 
and an output taminal; a constant current source circuit «jf con^f^ MOS iwcr semicondu^ 

. . ^ . , ,r • groundmgswitdi connected to said control electrode of said 

having input and output tenmnals; ^J^fJ^^ voltage lo ^QS gated power device for grounding said control elec- 

terminal conncrted to said first power elec&odc of said gate ^^^^ grounding swiSi is do^; and an auxiHary 

controlled MOS power semiconductor device and connect- MOSFET having first and second power terminab 

able to a source of poww; a load terminal connected to said ^ terminal; said first and second power terminals of 

second power dectrodc of said gate controlled MOS power auxiliary power MOSFET connected to said first power 

semiconductor device and connectable to a grounded load 15 terminal of said charge pump circuit and said input 

that is capable ofbeing energized from said source of power voltage terminal respectively; said gate tominal'of said 

when said gate controlled MOS power semiconductor auxiliary power MOSFET connected to said control elec- 

devicc is dosed; a ground terminal connectable to said trode of said gate controlled MOS power semiconductor 

grounded load; said diarge pump circuit being operable to device so that when said grounding swi tch is dosed, said 

produce an ou^ut voltage at its said output terminal which 20 gate terminal <rf said auxiliary power MOswti is grounded, 

is higher than said input voltage; said first power thereby turning off said auxiliary power MOSFEF to 

terminal of said diarge pump circuit being connect with entirely electrically isolate said charge pump circuit from 

said input voltage tenmnal; said second power terminal said supply voltage. 

of said diarge pmnp circuit connected to said input tenninal 27. A high side switch circuit comprising, in combination: 
of said constant cuirent circuit; said ou^ut terminal of said 25 a gate controlled MOS power semiconductor device having 
constant current circuit connected to said ground terminal, first and second power dectrodes and a control dectrode; a 
whereby said second power terminal has a floating potential diaige pump drcuit having first and second power terminab 
and the currents at said input voltage terminal and at said and an ou^t terminal; a input voltage terminal con- 
ground tenninal are constant so ttiat noise at said V^^ input nected to said first power electrode of said gate controlled 
tenmnal and at said ground terminal is reduced; said output 30 MOS power senuconductor device and connectable to a 
tenninal of said charge pump circuit being connected to said source of power, a load tenmnal connected to said second 
control electrode of said gate controlled MOS power semi- power electrode of said gate controlled MOS power semi- 
conductor device for providing a voltage suffiaently higher conductor device and connectable to a grounded load which, 
than the voltage of said second terminal to turn on said gate when said grounded load is connected to said load terminal 
controlled MOS power semiconductor device; add an aux- 35 and said iiqnit is connected to said source of power, is 
iliary powo' MOSFET having first and second power ter- energized from said source of power when said gate con- 
minals and a gate terminal; said first and second power trolled MOS power semiconductor device is dosed; and a 
terminals of said auxiliary power MOSFET connected to ground tenninal connectable to said grounded load; said 
said first power tenmnal of said diarge pump drcuit and said charge pump circuit being operable to produce an ou^t 
V^input voltage tenninal respectively; said gate tenninal of 40 voltage at its said output tenmnal which is higlier than said 
said auxiliary power MOSFET connected to said control V^inputvdtage; said second power terminal of said charge 
dedrode-of said gate controlled MOS power semiconductor punq> drcuit connected to said ground tenninal, whereby 
device. said ou^ut terminal of said charge punq) drcuit is connected 

24. The circuit of claim 23 which further includes starter to said control electrode of said gate controlled MOS power 
circuit means coupled between a auxiliary supply voltage 45 semiconductor device for providing a voltage suffiaently 
source and said chargp pun^ drcuit for starting said charge higher than the voltage of said second terminal to turn on 
pomp circuit before said auxiliary power MOSFET con- said gate contrdled MOS power semiconductor device; a 
ducts. grounding switch connected to said control electrode of said 

25. The drcuit of daim 23 wherdn said gate controlled MOS gated power device for grounding said control dec- 
MOS power semiconductor device, said charge pump 50 trode when said grounding switch is dosed; an auxiliary 
circmt, said auxiliary power MOSFET and said current power MOSFET having first and second power terminals 
source are integfatedinto a monolithic semiconductor chip. and a gate tenninal; said first an d second power tenmnals of 

26. A higli side switch circuit comprising, in combination: said auxiliary power MOSFET connected to said first power 
a gate controlled MOS power semiconductor device having terminal of said diarge punop circuit and said input 
first and second power dectrodes and a control electrode; a 55 voltage terminal respectively; said gate terminal of said 
charge pump circuit having first and second power tenmnals auxiliary power MOSFET connected to said control dec- 
and an output terminal; a input voltage terminal con- trode of said gate controlled MOS power semiconductcv 
nected to said first power electrode of said gate controlled device so that when said grounding sw iU^ is closed, said 
MOS power semiconductor device and connectable to a gate tenmnal of said auxiliary power MOSFET is grounded, 
source of power, a load terminal ooimected to said second 60 thereby turning off said anxiliaiy power MOSFET to dec- 
power electrode of said gate controlled MOS power semi- ideally isolate said diarge pump drcuit from said supply 
conductor device and oonnectaUe to a grounded load which, v(dtage; and starter circuit means coq>led between an aux- 
when said grounded load is connected to said load tenmnal iliary supply voltage source and said charge pump drcuit for 
and said in^t is connected to said source of power, is starting said charge puno^cinniit before said auxiliary powa 
energized friom said source of power when said gate con- 65 MOSFET conducts. 

trolled MOS power semiconductor device is dosed; and a 28. A higfi side switch drcuit conqnising, in combination: 

ground tenmnal connectable to said grounded load; said a gate controlled MOS power semiconductor device having 
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&st and second power electrodes and a coDtiol electrode; a capadtor to said control electrode of said gate contiolled 
cfaaige pump ciicuit having fint and second power terminals MOS power semiconductor device; a second coupling cir- 
and an ou^t terminal; a constant current source circuit cuit means for coupling said ii^ut voltage tenninal to 
having input and output tenninals; a input voltage the node between said capacitor and said first coupling 
terminal connected to said first power ele<^:ode of said gate 3 circuit means whereby, when the ou^ut of said inverter 
controlled MOS power semiconductor device and connect- bufier is low, said capadtor is dmiged ftom the voltage at 
able to a source of powo; a load tenninal connected to said ^ y teiminal and tiirou A said second coupling means 
second power electrode of said gate controlled MOS power ^^^n said outout <rf said inverter buffer is high, die 
semicondurtor device and connertable to a grounded load ^^^^^ ^ ^^^^ ^ ^ 
Aatiscaf«bleofbemgen«j^^ lO ^^^^ ^ ^ ^ ^ 
when said gate oonlroUed MOS power sennoonductor ^ ^ j ^ controUed MOS 
device is closed; a ground tenmnal connectable to said . ^vu«wi ^lumai *«iu gate i.«iuuiic« mya 
grounded load; said ^arge pump circuit bdng opmble to P^^" semiconductor device; and wherem said first coupling 
produce an outout voltage at its said ou^JUt terminal which comprises a depletion mode MOSFET having source 
is higher dian said wpnt voltage; said first power 15 tominals connected to said capacitor and to said 
tenmnal of said charge pump circuit being connected with control electrode of said gate contr<dled MOS power semi- 
said ijspnt voltage terminal; said second power tOTninal conductor device icq)ectively, said dq>letion mode MOS- 
of said diaige pun^ circuit connected to said input terminal ^ haying a substrate diode connected to flic ou^ut of said 
of said constant curroit circuit; said ou^ut terminal of said inverter buffer; a resistive circuit means connected from said 
constant current circuit connected to said ground terminal, 20 capacitor to the gate of said depletion mode MOSFET, and 
whereby said second power terminal has a floating potential ^ second control MOSFET connected firom said gate of said 
and the cunenls at said input voltage terminal and at said depletion mode MOSFET to said ground terminal and 
^ound terminal are constant so that noise at said V input having a gate connected to said oscillator output terminal, 
teiminal and at said ground terminal is reduced; saidou^ ^* ^ wherein said second coupling 
terminal of said cfaaige punq) circuit being connected to said 25 nieans is a diode. 

control electrode of said gate controlled MOS power semi- ^ ^ wherein said resistive circuit 

conductor device for providing a voltage sufficiently higher means comprises a second dq>letion mode MOSFET having 

than die voltage of said second terminal to turn on said gate ^ conncdcd to the gate of said first-mentioned depletion 

controlled MOS power semiconductor device: wherein said transistor and a substrate connected to the substrate of 

charge pump circuit comprises, in combination, a square 30 ***** first-mentioned depletion mode MOSFET. 

wave osdllatcr connected to and operated fi^om said first and circuit of claim 10 wherein said second coupling 

second power terminals of said charge pun^ circuit, an circuit means indudes a control MOSFET. 

osdllatcr output tenninal, an inverter buflfcr connected to The circuit of claim 28 wherein said second coupling 

said oscillator output terminal, and a diargp storage capaa- drcuit means indudes a control MOSFET. 

tor; said inverter buffer having an ou^t connected to said 35 

capadtor; a first coupling circuit means coupling said * * * m 
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[57] ABSTRACT 

An integrated circuit semiconductor device includes a 
cfaaige pun^ to provide cunent at a potential which is 
greater than a supply potential. The cfaaige pun^ utilizes an 
oscillatar, whidi causes the charge pun^ to cyde, and 
thereby provide a continuous output at an elevated potential 
In order to optimize ^ciency of the charge pump, the 
oseiUatcr is able to diange its frequency in re^nse to 
output potential. In the preferred embodiments, this is 
accomplished by selectively inserting a supplemental por- 
tion into a ring oscillate^- loop. When used with an integrated 
circuit device, such as a DRAM, the current from the chaige 
pump may be supplied to nodes on isolation devices and 
nodes on word lines, thereby improving the performance of 
the DRAM without substaiitially changing the circuit con* 
figuration of the DRAM array. 

13 aaims, 5 Drawing Sheets 
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FREQUENCY-VARIABLE OSCILLATOR 
CONTROLLED HIGH EFnCIENCY 
CHARGE PUMP 

FIELD OF THE INVENTION 

This invention relates to semiconductor integrated circuit 
devices and noore particularly diaige pump boost circuits. 
The invention is particularly q)pltcahLe to dynamic random 
access memory devices (**DRAMs**) in which the cfaaige 
pump is used f<x providing cuirent to voltage-sensing ami^- 
iiers (''sense amps'*) which are pait of the integrated circuits. 

BACKGROUND OF THE INVENTION 

Even though semiconductor integrated circuit devices, 
including the present invention* are comprised of various 
materials which are either conductive, insulating or semi- 
conductive electrically, such circuit devices are usually 
simply refened to as '^semiconductor devices.** One of the 
semiconductive materials typically used is silicon, which is 
utilized in dther single-crystal silicon form or in poly- 
crystalline silicon form (Le.* as ''polysilicon'* or *t>oly**). 

In the operation of certain semiconductcr devices, it is 
necessary to "draw iq)** a node of the sense amps to a 
potential above V^^^ die basic operating voltage of the 
device. In die context of the present invention, these nodes 
to be drawn up occur on isolation (**iso**) devices on an array 
of a memory device and on wcxxl lines for an array. Memcxy 
devices with word lines, which use such iso devices on an 
array, include DRAMs. A conventional arrangement of 
DRAM memory cells widi a sense anq> is shown in FIG. 1, 
which is discussed in greater detaO hereinafter. Other types 
of memoiy devices, such as static RAMs and video RAMs 
also may have similar circuit arrangements. An iso device 
operates to isolate, electrically, drcuilry for providing digits 
during a "digit load** from a sense amp so that during digit 
load the sense amp can amplify the digit load signal faster 
without having to first overcome the effects of a directly 
coupled load. More specifically, where the iso device com- 
prises an n-cfaaimel transistor coimected in series along a 
digit line, the iso device can be used to control the RC 
loading on the sense amp. By turning the iso device to the 
OFF state, the digit line is sq>arated into two pans, each pan 
presenting a reduced RC load in comparison with the load of 
the whole digit line as is presented to the sense amp when 
the iso device transistOT in the ON state. 

Generally, with re^)ect to &e design of iso devices, it is 
known that **«slmg' an iso device with a higher potential, 
Le., increasing V^ speeds (Le., reduces) read time and 
reduces the required size of die iso device. Topically, in a 
DRAM, the iso device is used with either multiplexed or 
non-mult^lexed sense amps. In die case of multq>lexed 
sense amps, reducing the size the iso device (by increas- 
ing V^) allows the circuit layout to be configured with the 
iso-devices "on pitch** (two fntch) rather dian in a four pitch 
pattern. This simplifies layout design because the two pitch 
layout iHovides a configuration in which, for eadi sense 
amp. bodi iso devices are individually aligned with diat 
sense amp. With four pitch layout patterns, more than one 
sense an^ must be balanced as a unit The decrease in device 
width is obtained because increasing potential to gate gives 
die device a greater efifective electrical transistor width as is 
necessary to keep discharge time short and response ^>eed 
his^. 

In Che prior art bootstrapping had been used in order to 
charge nodes of a circuit (sudi as iso nodes) to an inaeased 
potential. A bootstrq> circuit provides an increased voltage 



nM9 

2 

level at a particular time in response to a particular sequence 
of events, such as the receipt of a series of timing signals. A 
charge pump circuit, on the otho: hand, provides a continu- 
ous ouQMit and an increased potential The continuous higb- 

5 potential output of a charge punqi circuit essentially means 
that die charge punq)'s output is not especially dynamic and 
that the timing sensitivities of die ou^ut do not limit its 
utility in providing elevated voltage to circuit nodes. This is 
particularly important when a high-potential node is used (as 

10 isfrequentlythecase)forthe word line of a DRAM memory 
device, since the timing f<x selecting and addressing the 
word line is critical to the access speed of die DRAM. 
Because the bootstrap circuit provides the increased voltage 
in a timed manner, individual bootstrap circuits must be 

IS {HTOvided for each of several nodes, each of which requires 
current at elevated potentials at specific different times. The 
charge pump, widi its continuous ou^t can be used for 
supplying current to any of these nodes without similar 
timing restrictions. 

20 Also, unlike bootstrap circuits, diaige pumps do not 
involve ]Voblems of proximate spacing. A bootstrap circuit 
is positioned by the pcHtion of the device which obtains 
elevated potential from that bootstrap circuit, diat individual 
bootstr^ circuit being dedicated to a particular driven 

^ circuit Because bootstrap circuits are dedicated to particular 
drivra cticuits and positioned thereby to facilitate the opaar 
tion of the particular driven drcuit the amount d total 
effective drcuit area of the driven circuits is necessarily 
increased. This increase could occur even where die driven 

^ circuits include relatively small individual transistors. 
Charge pumps can provide elevated potential to many nodes 
and need not be positioned proximately. 

Fnxx an charge pumps consist of an oscillatcr and capad- 
Ux. The use of an oscillator and c^dtor along with a single 
clamp circuit provides a relatively constant elevated 
potential, but is somev4iat ineffident when oonipared to a 
bootstrap circuit. 
WiA respect to additional design considerations, an ideal 

^ auxiliary drcuit for performing a function sudi as voltage 
elevation should automatically respond to circuit conditions 
which make the auxiliary circuit unsuitable for its qjplica- 
tion. For exanq)le, a voltage boosting drcuit would ideally 
attenuate its increased potential output or be bypassed as 
external system voltage becomes suffidenUy high to make 
the use of the boosting circuit undesirable. 
VS. Pat Nos. 5.023,465 and 5,(08325 describe charge 

pumps in which a miniwuim potential is pwigtai^^ ffy 

providing a bypass drcuit at the charge puna's ou^uts, 

so which include an overvoltage shutdown drcuit that func- 
tions to disable die charge pumps when ou^t potential 
exceeds a predetermined level. In each case, the auxiliary 
drcutts to the diarge pun^s do not change the functional 
performance of charge pump circuitry itself, while that 

55 drcuitiy is in operation. 

An additional circuitry feature, which does affect a basic 
functional performance characteristic of a charge pump, 
relates to the osctllator frequency. Cotain DRAM parts 
made by the assignee of the present invention. Micron 

60 Technology, Inc., f(x exair^le, have been designed widi a 
metal mask option which pCToits production changes in the 
oscillation frequency of the oscillator used to drive die 
DRAM diarge punq>. Such a design allows the charge poiap 
to be set with respect to (1) the time required to achieve an 

63 devated voltage, and (2) the elevated voltage attainable, by 
sdecting the charge pump*s drive frequency frcHU among 
available frequendes. This feature onfy affects the initial 
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selection of the drive ftequeocy on a one-time basis, an oscillator circuit made in accordance with the teachings 

however, usually pries' to fabrication. of die present invention; 

Accordingly, the known practices for using a charge pump FIG. 4 is a detailed schematic diagram showing the 

circuit to jHOvide elevated voltage have t>eaefits ovo^ boot- oscillator circuit for a chaige pump according to the present 

strap circuits, but have disadvantages with respect to ^ invention; 

effidency. and responsiveness to contingencies during FIGS. 5 and 6 are schematic diagrams showing ttie first 

operation and in multi-product design. The present invention and second delay circuits of FIG. 4 in greater detail; and 

addresses the afnementioned iHoblem confronted using pjQ 7 ^ tunmg diagram showing die relationship of 

prior art chaigc pump circuits. potential and oscillatOT frequency for the opoation of 

SUMMARY OF THE INVENTION ^ charge pump constnicted in accc^dance with the f^inc^les 

of the present invention. 

In accordance with the present invention, an integrated 

dicuit device includes a charge pump to provide cmrent at DET AILED DESOUFIION OF THE 

a potential which is greater tiian a supply potential The PREFERRED EMBODIMENTS 

cuirent is supplied to certain nodes on the integrated circuit 15 Refening to FIG, 1* a sense an^ II is connected between 

device in order to enhance tiie peifonnanoe of die integrated Digit and Digit* lines 13 and 15 on aDRAM anay. Digit and 

circuit device. Dig^t^ 13 and 15 are connected to an airay of memory 

When used with an integrated dicuit device, such as a cells, such as cells 21-28, which are also shown. 

DRAM, die current from die charge pump may be supplied memory cells 21-28 are connected to Digit and 

to any of several nodes on isolation devices and nodes on ^ ly^^* 13 15 ^cwd lines, such as wcrd line 

word lines. This allows die nodes to be operated at an 31, comprising the gate of die transistor associated wifli one 

elevated potential, diereby inqjroving the performance of the memory cells 21-28. Iso devices 33 and 35 are used to 

DRAM. TTiis enhanced performance is achieved widiout current between die sense axop 11 and either of tiie 

substantially taUoring die design of die chaige punq) to Digit and Digit* lines 13 and 15 in oidcr to permit die sense 

match any particular isolation device or wwd line nodes, and ^ n ^ differential aiiq)lificr, to sense die relative 

while maintaining sufficient sqiaration between the chaige i^^i^ ^ jy^^i ^ Digit* lines 13 and 15. By selectively 

pump circuit and nodes of die DRAM to be driven, and gating one of the memozy cells 21-28 to either of Digit and 

flexibility in die charge pump design so that, in tiic event diat j^g^^* li^j^g 13 and IS, it is possible to detect die memory 

die use of die chaige pump proves to be inoppoitune, die storage level in die memory cell. The memory storage level 

chaigc pump can be bypassed by minor dianges in die ^ selected memory ceU on die connected line will be 

masks used to produce die integrated circuit device. This ^ ^ potential of die other and 

configuration allows the same basic mask layout to be used unconnected line. The bit represented by the level of die 

in diffoent DRAMs designed to operate undff different selected cell is a logical high (one) or low (zero), depending 

P"*°*^' 35 on whether it is higher or lower, reqiectiveiy, than die levd 

Likewise, in accordance with the principles and teaching of die unconnected line. 

<rf diis invention, and in keeping widi one of its aspects, die ^ increase die sensitivity of die differential soBp 

charge pump is provided widi an overvdtage shutoff circuit. ^ ^nd to permit die differential amp 11 to more i^dly 

The ovcrvoltagc shutoff circuit permits die charge pump to re^nd to the differential potential between Digit and 

operate under conditions of low supply voltage when an ^ Digit* lines 13 and 15, die iso devices 33 and 35 must have 

devated voltage is needed from the chaige pump, but allows ^ relatively large effective transistor widtit One way to 

chaige pump to be effectively bypassed when supply voltage accomplish effectively larger transistor widdi widiout actu- 

is sufficientiy high to make bypass desirable. increasing die physical size of iso devices 33 and 35 is 

In acoxdance widi a further aspetii of the invention, the to gate the iso devices 33 and 35 at a slightly elevated 

charge pump is designed to (^>eratc at a higher efficiency by ^5 potential Le., to have V^s greater dian V^^^^ Having V^s 

the use of a pair of clan^ circuits. An oscillator provides an greater than V^^ reduces resistance between gate and 

output to a pair of capacitors. Each c^dtor is bypassed source, diereby increasing effective transistor width, 

respectively by one <rf die clanq) circuits, and tiie chwp Hiat is, preferably, die gating of iso devices 33 and 35 of 

circuits are separately timed. The ou^t of die first capacitor the higher potential is by means of a signal line to iso 

is also connected to an output transistor which is gated by ^ devices 33 and 35. The inchision<tf die signal Ime, which is 

die second damp circuit connected in parallel to die second part of an address circuit and makes die iso devices largff, 

capacitor. The controlled gating of the ou^iut transistor involves further size considerations and requires a specific 

pennits the damp circuit to maintain a continuous output at design trade off; as a rule, smaller iso devices advanta- 

an devated potential, while reducing power loss caused by geously increase sensing speed but cause a disadvantageous 

iiqiedances witiiin die charge pump circuit 55 increase in die time required for Digit and Digit* lines to 

By using the chaige pump as a source d elevated fiiUy dischaige to ground. Bigger iso devices discfaaige more 

potential, the circuit layout of the DRAM anay is siaq>lified quiddy, allowing Digit and Digit* lines to be written to 

and the potential boosting circuitry can be located outside of opposite states faster, but yield a decrease in sensing speed, 

the amy, on the perq>heiy of the integrated circuit However, the slow discharge problem associated wtdi a 

BRIEF DESCRIPnON OF THE DRAWING ^ ^'^^IT^'^'^ ^^L^l^ 

M,E^^ «^^^s7^^<%u **vx w ^^TTu^vr addressed by dcvatmg Vas- Thus, addressmg die reduced- 

FIG. 1 shows a conventional configuration of sense an^s resistance and time-to-discharge issues by devating 

in a DRAM array; results in a relatively smaller iso device which is easier to 

FIG. 2 schematically shows a configuration of a charge design into high density drcuitiy. 

punqi; 65 With respect to odicr features of die context in which the 

FIG. 3 is a schematic block diagram <tf a chaige punq> invention is applicable, FIG. 2 shows a schematic diagram 

widi overcharge protection, which can be constnicted with of an auxiliaiy dicuit for devating potential at a circuit 
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node. The node 43 at which the auxOiaiy circuit is cc>iq>led or decrease in power demand, and that the need for an 

to the node to be elevated has an inherent capacitance. increased chaigepu2i^)ou^ut also can be caused by changes 

indicated by cq)acitor 45, resulting jsimarily from the line in supply potential However, it is not necessary in 

capacitance of the load. Hie amount of inherent capacitance making die charge pump reqwnsive to determine dynami- 
represented by capacitor 45 may be unpredictable until (he s cally the state of all power demand variables, it is sufficient 

circuit is constructed, but this capacitance is believed to for a dynamically responsive charge pun^ to dete rmin e a 

stabilize the potential from the auxiliary circuit and, in fixed number, for example, two load states to which the 

effect, function as an integral part of die auxiliary circuit diarge pump output (V^ ^) can be made to cocre^nd. It 

The charge pomp of the present invention provides a way to is necessary to determine the maTlmiim load at which a 
vary the frequency and, thus, variation in the inherent and lO boosted output of the diarge pump (Vcc n^g) ™ist be 

usdiii capacitance of the charge pump is possible. However, provided; and it is advantageous to determine a steady state 

an inherent c^adtance exists and will be maintained for any or quiescent operating mode, during which ^) is 

frequency choice. provided to a reduced load ^th the present invention, the 

FIG. 3 shows a basic cirmt for a charge pump into which ou!t)Ut of charge punq) 51 is adjusted to correspond to load 

the present invention can be incofporated. This circuit is states by adjusting the osciUatcH- frequency of oscillator 53 

described in the assignee's U.S. Pat Nos. 5,023,465 and used to drive die pulse circuit 54. This is preferably accom- 

5,038325. This circuitry is used in a i»ef erred embodiment plished by selectively bypassing a portion of the ring oscil- 

of the invention whidi further includes the oscillator lator circuitry (tf oscillator 53 in accordance with the output 

described in detaU below with reference to FIG. 4. potential or ou^ut load of die charge panxp 51. 

The charge piaap 51 includes an oscillator 53 that is ^ FIG. 4 shows a configuration of the oscillator 53 in which 

powered by a signal levd voltage source V^c^ The oscillator ^ ™g oscillator 71 includes a primary loop 73 and a 

53 iHOvidcs its output to a pulse circuit 54. The pulse circuit secondary loop portion 74. As will be seen, die primary loop 

54 responds to the oscillator 53 in a manner whidi results in '^^ functions alone during a fast mode of operation, and it 
die pulse circuit 54 providing a potential output at an ou^nit functions in combination with the secondary loq> portion 
node 63 at a boosted level y^cp ^ compared to die signal 74, to form a larger loop, during a slow rxKxie c( operation, 
levd voltage source in response to an oscillating signal E^imary loop 73 consists of a NOR gate 83 and a first 
from the oscillatOT 53. The pulse circuit 54 indudes three plurality of invertors 85. The circuit is effectively a delay 
switdiing circuits illustrated as a first clamp circuit 61, a line whidi transmits pulses to an output node 91. Pulse 
second damp circuit 62. and a transistor 57. The cbunp signals at the ou^t node 91 are either transmitted through 
circuits 61, 62 are connected aaoss capadtors 55, 56, ^ the secondary loop portion 74 and back to primary loop 73 
re^>ectivdy through NOR gate 83 or through transistors 95 and 96 back 

The charge pump 51 is designed to c^ate at a higiher to only primary loop 73 through NOR gate 83. In dtfaer case, 

effidency by die use of the pair of damp circuits 61, 62. Hie the receq)t of die pulse signal at NOR gate 83 results in die 

oscillator si^ provides an output to the ci^dtors 55, 56. signal bdng transmitted through die first plurality of inver- 

Eadi capacitor 55, 56 is bypassed respectively by one ctf die tors 85, and therefore results in a repditivdy pulsed output 

damp circuits 61. 62, and the danxp circuits 61. 62 are at the output node 91. The number of invators comprising 

separately timed. The output of the first capadtor 55 is also plurality 85 should be EVEN; die plurality may comprise, 

connected to the transistor 57, which is gated the second for exan9>le, 20 invertors. This pulsed output is used as an 

clamp circuit 62. The controlled gating of the transistor 57 oscillator or pulse signal to drive die pulse circuit 54 of the 
permits the charge pump to maintain a continuous ou^t at ^ charge pump 51 (see FIG. 2). 

an devated potential Vccp widi respect to the signal levd IVansistors 95 and 96 form a pan of a bypass circuit 

voltage source V^^ while reducing power loss caused by which indudes lines 97 and 98, for allowing transmission of 

in9>edances within die charge pump circuit 51. pulses from the output node 91 to NOR gate 83, bypassing 

A decoupling capadtcH^ 46 is coupled to die output node 45 secondary loop portion 74. 

63 to hdp maintain a steady boosted ou^t A potential Secondary loop portion 74 consists of a NAND gate 103 

limiting circuit 52 is coupled b^ween the output node 63 and a second plurality of invertors 105. Pulse signals at the 

and the oscillator 53 to prevent the potential at the output <mtpui node are provided to the NAND gate 103, which in 

node 63 from exceeding a predetermined value. U die tumprovides signals to the second plurality of invertors 105. 

potential provided by the diarge pun^ 51 at die output node The number of inverters comprising plurality 105 should be 

63 is inadequate, a diode-connected transistor 58 is used to ODD; die plurality may comprise, for example, 17 invertors. 

bypass the diarge pump 51. The second plurality of invertors 105 provide an iiq)ut at 

In (Hider to reduce operating current in die semiconductor node 109, to NOR gate 83. The secondary loop portion 

device, it is desired to determine the minimimi power and effectively delays the pulses at the output node 91 from 
CCTresponding frequency required to provide a sufSdent 55 being transmitted to NOR gate 83. thereby slowing the pulse 

t>oosted potential output from the charge pump to the device. repetition rate, and therefore, redudng the oscillation fre- 

The minimum frequency is a function of the physical quency at the output node 91. 

parameters of the component circuit elements, and may be When secondary loop poition 74 is not bypassed and 

variably and dynamically set by adjusting the frequency of q)erates to reduce die oscillation frequency at the output 
oscillator 53. By so doing, it is possible to construct a charge eo node 91, the bypass circuit through transistc^s 95 and 96 is 

punq> whidi, if operated at a first frequency, jax^vides a shut off. This prevents signals being transmitted directly 

reduced output and if operated at a second higher frequency. back to NOR gate 83 through transistors 95 and 96 at that 

provides an inaeased ou^t The present invention pro- time. That avoids die faster pulse rq)etition rate obtained by 

vides a means to control the output of the charge pump in die transmitting pulses througlh transistors 95 and 96. 
aforementioned manner. « For purposes of explanation. NAND gate 103 CQtresponds 

With respect to power requirements for a DRAM, it is to the oscillation control according to the invention, 

known that different read and write cydes cause an increase However, the invention can be practiced without NAND 
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gate 103 by using other components. Indeed any olher 
components whidi may be used suitably to provide the 
function of NAND gate 109 in controlling seoondaiy loop 
portion 74 according to the piinc^les of the present inven- 
tion are acceptable for use as the oscillation control Bpp&- 
ratus. 

Transistors 95 and 96 form a pan of a bypass control 
circuit 111. The bypass circuit (which includes transistors 95 
and 96. and lines 97 and 9S and also a series connection of 
invators and a delay circuit which are described below) is 
activated in response to a sensed potential whidi coire- 
sponds to a {redetermined ou^t potential of die charge 
pump 51. That is, when the potential at the ou^ut node 91 
is of a certain level relative to the desired ou^t 
described below, the activation of die bypass circuit will take 
place. As described above in connection with one 
embodiment the acdvation of the bypass circuit increases 
the oscillation frequency of the ring oscillator 71 by remov- 
ing seoondaiy loop portion 74 from the operative osdllator 
loop. 

When the ou^ut potential Vccp ^ ^ charge pump 51 
falls bdow a piedetennined level that indicates that the 
charge pomp 51 must increase its output and dierefore, the 
ring oscillator 71 must provide an increased oscillation 
frequency. The increased oscillation frequency will increase 
die ou^ut of the charge pump 51, and oonsequentiaUy 
increase ^ccp- 

While the bypass circuit through transistors 95 and 96 is 
activated NAND gate 1#3 transmits a omtinuous signal (at 
a 0 logic level), and therrfoie the secondary loop portion 74 
is made quiescent. An input inverter 113 and a secondary 
trigger invcrtor 115 provide a signal to NAND gate 103, 
which allows NAND gate 103 to respond to signals from die 
output node 91. Itqnit inverter 113 responds if charge pump 
output signal V^^^ supf^ed to the invertor 113 is at a 
predetermined level whidi is sufficient to trigger the inverter 
113. If the potential to V^^^ to input inverter 113 is below 
die predetomined level (of yccpi* NAND gate 103 
receives a logical 0 and the secondary loop portion 74 is 
forced quiescent (the continuous 0 logic level). This is the 
desired result, since in the preferred erxibodiment, the pri- 
mary loop 73 does not receive signals from the secondary 
loop portion 74 when providing the increased oscillation 
frequency. Bypass control circuit 111 receives the inverted 
signal and is responsive to the input invertor 113. The bypass 
control circuit 111 receive die inverted signal from input 
invertor 113, which is again inverted through invertOTs 122, 
123 and 124. This signal is provided to a First Dday Circuit 
125, whidi causes transistors 95 and 96 to conduct when die 
potential to ii^t invertor 113 is below the predetermined 
level of As shown in FIG. 5, First Delay Circuit 125 
indudes NOR gates 127 and 128 and odier conq>onents, 
which achieve the above-described control of transistors 95 
and 96. First Delay (Circuit 125 is configured so that the state 
of die iupat to NOR gate 127 will affect die delay of die 
ou^ut from the invertor connected to the output of NOR 
gate 128, as herein described. When the input to NOR gate 
127 goes from HIGH to LOW, die invertor ou4)ut will go 
from HIGH to LOW relatively slowly, following a padi 
through aU the conqxMients of circuit US. When the input to 
NOR gate 127 goes fr<Mi LOW to HIGH, die inverts ou^ 
transitions from LOW to HIGH widi less delay, following a 
path which bypasses NOR gate 127 and die invertor in series 
with it and going to NOR gate 128 direcdy and then to the 
invertor. 

The bypass control circuit 111 causes transistors 95 and 
96 to open die bypass circuit when the secondary loop 
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portion 74 is functioning. Hie bypass control circuit HI 
prevents signals being transmitted direcdy back to NOR gate 
83 through transistors 95, 96 at that time. That avoids the 
faster pulse repetition rate obtained by transmitting pulses 

s througbtho$etransistors95and96. A Second Dday Circuit 
131 respcmds to the signal from invertor 124 to ground the 
outputs of transistCM^ 95 and 96, thereby permitting NOR 
gate S3 to respond to signals at the output of secondary loop 
portion 74. lliis operation of die Seccmd Delay Circuit 131 

10 occurs when bypass control circuit 111 is holding transistors 
95 and 96 open. FIG. 6 shows Second Delay Circuit 131 in 
greater detail Second Dday Circuit 131 includes NAND 
gates 133. 135, and 137 and is configured so that the state of 
the input to NAND gate 133 will affect the delay die 

is output from the inverter connected to the ou^ut of NAND 
gate 137, as herein described. When the input to NAND gate 
133 goes from LOW to HIGH, die invertor output will be 
delayed through all the devices of the delay circuit. When 
die input to NAND gate 133 goes from HIGH to LOW, die 

20 inverter output wiU be ddayed oidy briefly, the signal 
following a path which bypasses NAND gates 133 and 135 
and going to NAND gate 137 directly and then to the 
invertor. The delay realized with the above described delay 
circuits keep node 98 in a predictable state during transitions 

25 between frequencies. 

An overvoltage circuit 139 uses diodes 141,142, 143 and 
144 to sense a rise in above a predetermined limit In 
that event, a continuous signal is provided to NOR gate 83, 
causing the primary loop 73 to go quiescent until 

30 drops bdow die predetermined limit In the absence of a 
voltage sufScient to bias diodes 141-144 (Le., zero volts ot 
anything bdow the predetermined amount corre^nding to 
the combined bias voltage), diodes 145 and 146 will pull 
node 147 to ground keq>ing the oscillator ON. At or above 

3^ the predetermined voltage, node 147 will rise causing die 
oscillator to go OFF. 

It is anticipated that current from another bypass circuit 
(not ^own) would maintain potential at die output of die 
diarge pump 51 in order to prevent from dropping to 

^ ground. One method of maintaining potential is a diode- 
connected transistor. The diode connected transistor is an n 
channd device connected to a supfdy voltage node Vccp- 
The transistor will conduct power as long as V^p< 
(Vcc-V,). R is off whenevCT Wccp >{Vctr-Vr). This portion 
of die circuit also helps charge up Vcci> on powa up. 

Osdllator frequency Ou^t Illustrated 

FIG. 7 shows a timing diagram of potential levels gen- 
^ crated by the inventive oscillator circuit 71. This diagram 
rqresents a computer-generated depiction of the operation 
of an actual fabricated circuit The line designated Vccp 
shows the potential at the input to inverbn^ 113. which is used 
to drive the oscillator 71. In actuality, die iiq)ut potential 
55 is in pan controUed by die osdllator 71. Line 91 is the 
potential at the ou^ut node 91. 

The left-most side of the diagram shown in FIG. 7 shows 
the operation of both the primary loop 73 and die secondary 
loop portion 74. is at a range at which the ring 

do oscillaKx- 71 is required to operate at a moderate boost mode 
of operation using isimary loop 73 and secondary loop 
portion 74. This is shown at time period A. 
Time period B shows the operation of the circuit when 
drops below a fR'edeteimined potential. This causes 
65 the oscillator 71 to operate in a supplemental boost mode of 
operation to increase the output of charge pun^ 51. The 
secondary loop portion 74 goes quiescent and primary loop 
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73 oscillates more r^idly as a result of feedback conduction 
tiuou^ transistors 9S and 96. The rapid oscillatioh of the 
primary loop 73 continues until Vccp increases to above the 
predetennined potential. The predetennined potential is the 
potential supplied to the invcitor 113 which is sufficient to 5 
trigger the invertor 113. 

Time period C shows the operation of &e ring osdllatcr 
71 when Wccp ^ again readied the predetermiiied poten- 
tiaL As in Ae case of time period A, both i^imary loop 73 
and secondary loop portion 74 are operating, and transistors 
95 and 96 open the bypass circuit 

Time period D shows the operation of the oveivoltage 
circuit 139, wherein a continuous signal is provided to NOR 
gate 83, causing the primary loop 73 to go quiescent until 
drops below the predetenmned limit. Secondary loq) 
portion 74 is also bypassed. While Vccp ^ shown rising to 
substantial levels, it is anticqMited that this would not occur 
during normal operation. 

Finally, time period E shows the moderate boost mode of ^ 
operation, followed by the supplemental boost mode of 
operation during period F when the potential ^ccp ^ops. 
While the potential Wccp ^ shown dropping to 0^ it is 
anticipated that this would nonnally occur only when a 
memCTy part is shut down. ^ 

While the invention was devei(^>ed for use with DRAM 
memories, it is anticipated that the invention would be useful 
in other circuits in which a boosted powa supply is needed. 
It is also anticipated that die circuit may be ad^ted iot use 
with other circuits in which a variable frequency is required. 30 

I claim: 

1. In a semiconductor circuit device having at least one 
signal line which is jHechargeable to at least one operating 
level, a signal level voltage source for providing current at 

a signal level potential, a circuit connected to the signal line 35 
for accq)ting an elevated potential above a potential of the 
signal level voltage source, and a precharge circuit for 
precharging the signal line, the precharge circuit comprising: 

a) an oscillatcHr for receiving current from the signal level 
voltage source and providing an oscillating ou^Hit 40 
having an oscillation frequency; 

b) a c^citor connected betwem the osdliator and an 
intermediate output node; 

c) at least one switching circuit connected in parallel with 
the capadtor between the oscillator and the intermedin 
ate out{wt node for providing a charge pump output in 
response to the oscillating output, the charge punq> 
output being provided at said elevated potential the 
osdliator being responsive to an operating coiMlition of 
the semioMiductor circuit device to change die osctl- ^ 
lation frequracy of the osdliator, therdsy effecting a 
change in the charge pump ou^ut of the switching 
circuiL 

2. The device claim 1, wherein the oscillator oomi^ises: 

a) a primary loop having a first plurality of inverters; 

b) a secondary loop portion having an additional sccaod 
plurality of inverters; and 

c) a circuit, coupled to said primary loop and said sec- 
ondary loop portion and re^x>nsive to the charge punq> 60 
ou^ut, fcr selectivdy causing only said primary loq> 

to re^nd to feedback signals from the primary loop 
when the charge pump output is below a predetennined 
level and for sdectivdy causing both said primary 
loop and secondary loop portion to respond to feedback 65 
signals from the primary loop when the diaige pmap 
output is above the predetennined levd, thereby diang- 
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ing the oscillation frequency ouQxit by the oscillator in 
response to the diaigc pump output 

3. The device of claim 2, wherein: 

said osciUator operates at a first hi^er frequency when 
said primary loop is responsive to feedback signals 
from said primary loop only and otherwise operates at 
a second lower frequency when operating, and wherein 

said circuit frirther includes a bypass circuit for permitting 
signals corresponding to output signals from die pri- 
mary loop only to be fed back to the primary loop when 
the charge pump ou^ut is below the predetennined 
level and for opening said bypass circuit to iHovide 
signals from said secondary loop portion to the primary 
loop when die charge pump ou^t is above the pre- 
detennined levd. 

4. The semioonductcv device as described in daim 1, 
further comprising: 

a) a second switdiing circuit including an output transis- 
tor having a source and drain connected in series with 
the capacitor between the intermediate output node and 
an output node; and 

b) a diird switching circuit for controlling the second 
switching circuit by gating the output transistor. 

5. The semiconductor device as described in daim 4, 
further comprising: a second capadtor connected in paralid 
widi the third switching drcuit 

6. The semiconductor device as described in claim 5, 
further comprising: 

a potential maintenance transistor connected to omduct 
from the signal levd voltage source at times when 
potential at die output node falls below a predetennined 
potential with respect to die potential of the output 
node, and to present an open drcuit when potential at 
the output node is greater than die potential of the 
signal levd voltage source. 

7. The semiconductor device as described in daim 5, 
further com{^sing: 

a potential maintenance transistor having a source and 
drain connected in series between the signal levd 
voltage source and die ouQxit node, the potential main- 
tenance transistor being connected with its gate to the 
signal level voltage source. 

8. The semiconductor device as described in daim 4, 
further comprising: 

a) means to maintain the output node at a predetermined 
minimum potential by conducting auroit from the 
signal levd voltage source; and 

b) a potential timlring circuit responsive to potential at die 
ou^ut node, for attenuating the output of the prediarge 
circuit to limit the potential at the ou^Nit node. 

9. The semiconductor device as described in daim 4, 
further comprising: 

a decoupling capadtor connected to the ouQnit node for 
providing a storage c^adty suffident to maintain said 
devated potential at a potential above the signal level 
potential during a substantial portion of an operating 
cyde of the semiconductor drcuit device. 

10. In a semiconductor circuit device having at least one 
signal line which is prechargeable to at least one operating 
leveL a signal levd voltage source for providing current at 
a signal level potential, a circuit connected to the signal line 
for accqjting an elevated potential above a potential of die 
signal levd voltage source, and a precharge drcuit for 
precharging die signal line, the precharge circuit conqnising: 

a) an oscillator for reodving current from the signal level 
voltage source and providing an oscillating output 
having an oscillation frequency; 
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b) a fiist capacitor connected between the oscillator and 
an intermediate output node; 

c) a first switching dicuit connected in parallel with the 
capadtiH- between the osdUatcH- and the intennediate 
output node for providing a charge punq) ou^ut in 
response to the oscillating output the charge pump 
ou^t t>eing provided at said elevated potential the 
oscillator being req)onsive to an operating condition of 
the semiconductor circuit device to change said oscil- 
lation frequency of the oscillator, thereby, effectiog a 
change in die charge punq) output of die switdiing 
circuit; 

d) a second switching circuit including an ou^ut transis- 
tor having a source and drain connected in series 
between the intermediate output node and an output 
node; 

e) a third switching circuit for controlling the second 
switching circuit by gating the ouQwt transistor; 

f) a second capacitor ccxinected in parallel with the third 20 
switching circuit; 

g) means to maintain the output node at a predetermined 
minimiifn potential by conducting current from the 
signal level voltage source; and 

h) a potential limiting circuit responsive to potential at the 25 
output node for attrauating the ou^Hit of tiie prechaige 
circuit to limit the potential at the output node. 

11. In a semiconductor circuit device having at least one 
signal line prechargeable to operating levels, a signal level 
voltage source providing current at a signal level potential ^ 
a circuit connected to the signal line which accq>ts an 
elevated potential above a potential of the signal level 



voltage source, and a precharge circuit which precbaiges the 
signal line, the prediarge circuit comprising: 

a) an oscillate for receiving current from the signal level 
voltage source and fci providing an oscillating output 
having an oscillation frequency, the oscillation fre- 
quency t>eing variable in response to the v(ritagc level 
of an input signal to the prechaige circuit; 

b) a capacitor connected Isetwecn the oscillator and a first 
node; 

c) an output switching circuit connected in series with 
said cq>acitor, between said 

capacitor and an output node; and 

d) a first damp circuit connected in parallel with said 
capacitor and providing a timed ouQyut in response to 
the oscillating ou^t 

12. The semioondudor device as described in claim U, 
>^erein: 

the oatput switching circuit includes an output transistor 
having a source and drain connected in series between 
the first node and Ibt output node and wherein the 
device further comprises a second clamp circuit for 
controlling the output switching circuit in a timed 
sequence with respect to said timed output the second 
clamp circuit controlling the output switdiing circuit by 
gating the oittpat transistor. 

11. The semiconductor device as described in daim IZ 
further comprising: 

a second c^tadtor connected in parallel with the second 
clamp circuit 
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[57] ABSTRACT 

A tub structure underlying a first well in a semiconductor 
integrated circuit is charge pumped to increase electron 
collection efficiency in the tub structure. A charge puzi^>ing 
circuit applies the biasing vdUge via a second well. The 
cuirent in the tub structure is nkonitoced to determine when 
to puiiq> charge into the tub structure. The pumping biases 
the n-tub to voltages as high as twice the siq>ply voltage 
magnitude, (2V^), The tub cuntnt is compared to a mini- 
mum current threshold and a maximum cunent tfireshold. 
The diarge pump is disabled when the tub cunent exceeds 
the maTimiifn threshold and is turned on before the tub 
current goes below the minimum threshold. The maximum 
threshold is for keq)ing the tub stnicture from exhibiting an 
undesirable standby current The minimum threshold is to 
lEBq> the tub structure biased enough to achieve a desired 
electron collecdon efficiency. 
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CHARGE-FUMPDIG TO INCREASE 
ELECTRON COLLECTION EmCIENCY 

BACKC910UND OF THE INVENTION 

This inventioD relates to methods and q)paratus for bias- 
ing a semiconductor r^on, and more paiticulariy to a 
method and apparatus for InqHOving electron collection 
efficiency at a semiconductor region to reduce junction 
leakage. 

Int^ated cixcuits (IQ commonly are fabricated on a 
semicoDduGtor wafer. The wafer typically is cut to fma 
multiple semiconductor substrates or TC ch^**. Semicon- 
ductor devices are formed on the wafer. Altfaough the label 
semiconductor is used, the devices are faMcated ficom 
various materials, including electrical conductors (e.g., 
aluminum, tungsten), electrical semiconductors (e.g., 
silicon) and electrical non-conductors (e.g., silicon dioxide). 
The semiconductive silicon wafer is subjected to deposition, 
etdiing, jdanarizing and lithogrq)hic processes to achieve 
the many semiconductor devices. 

In fabricating semiconductcx- devices, substrates typically 
are doped to fonn various n-type and p-type regions. One 
layout structure is a well. FIG. 1 shows a p-type substrate 10 
having a triple well. A center p-well 16 is surrounded by an 
n-well 20, which in turn is surrounded by another p-well 18. 
An n-tub 24 conjoins the n-weli 20 and is fanned t>dow the 
p-well 16. The center p-wdl 16 is separated from the 
p-substrate 10 by the n-tub 24. l^P^^y ^ more other 
doped regions 26 are included in die center p-well 16 to form 
an anray of devices. 

During normal operation the n-tub 24 is biased to improve 
perf oimance of a device array in the p-well 16. Specifically, 
the biasing voltage sets up an energy potential well in die 
n-tub 24 whidk collects electrons. As electrons fall into the 
energy potential well Ihey go into a lower eneigy state. Such 
electron collection reduces leakage of electrons across die 
junction into the p-well 16. For an array of DRAM cells, for 
exanq)le, the electron cdlection allows for a longer refresh 
period. Accordingly it is desired that electron collection at 
the n-tub 24 be efficient 

The wider and deeper the eneigy potential well created, 
the more electrons that are collected. The factors detomin- 
ing the eneigy potential well peifcsmance include the bias- 
ing voltage and the doping level of the n-tub. Conventionally 
die biasing voltage is limited to die supply voltage leveL Ihe 
doping level typically is limited to keep the n-tub from 
spreading too dose to the surface. 

When fonning the p-well 16 and n-tub 24, the p-substrate 
10 ty^ cally is doped in an area which is to become the n-tub. 
The n-tub, thus, defines a separation between pre-existing 
p-^pe regions. The doping process is an inq)lantation of 
atoms. Inq)]nntaiion power defines how deep into the sub- 
strate the atoms are injected. Dosage level defines die 
number of atoms being injected, whidi affects the width of 
the n-tub junction for a given diffusion time. Topically the 
in^lantadon power is limited, (e.g., 3 MeV maTtlmum 
power), and correspondingly a ntMimam depth is defined. 
To maximize electron collection effidency it would seem 
that very high doping levels would be desired. However, 
because the d<^ng level affects the width of the n-tub 
junction, excessive doping would expand the n-tub junction 
too dose to the surface. More particularly, the n-tub junction 
would expand too dose to other n-type regions formed or to 
be formed in the center p-well. FIG. 2 shows such an 
exanqile. Beyond a given n-lub 24' diickness« an adjacent 
p-wdl 16* separation gets too smaiL Specifically, the p-wcM 
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16' separating die n-tub 24* from a neaiby n-type region 28 
in the p-well 16' t)ecomes less dian a minimum spacing 
required for region isolation. For a sq>aration in the p-weU 
16* region between n-tub 24' and n-type area 28 which is less 

3 dian the threshold separation, the local area defines an 
undesired "^parasitic** lealcage path, (in effect, an undesired 
npn device 38). Typically, to avoid such a leakage path, die 
dosage for the n-tub is scaled back during the design process 
to keep the n-tub tMdmess to an acceptable levd. A disad- 

10 vantage of scaling the dosage back, however, is that the 
n-tub is conq>aratively less effective in collecting dectrons. 

Aoconhnglyt there is need for improving collection of 
dectrons at an n-tub, 

13 SUMMARY OF THE INVENTION 

According to die invention, an n-tub is charge punqied via 
an n-well to increase dectron collection effidency at the 
n-tub. This increases the bias of the n-tub beyond conven- 
tional levds. Spedfically, whereas prior methods limit die 

^ bias voltage to be up to the siq^ly voltage magnitude, 
charge pumping enables boosted bias voltages at the n-tub 
whidi are as high as 2V ^ The increased biasing of die 
n-tub creates an energy potential well of increased width and 
depth. Thus, more dectrons are able to fall into the well and 

^ move to a lower eneigy levd. This results in in^iroved 
effectiveness of the n-tub. With the n-tub being more 
effective, less dectrons are able to cross a junction into the 
adjacent p-welL Thus, junction leakage current is reduced 
This iniproves peifonnance of devices residing in the 

» p-welL 

According to one aspect of the invention, a chaige pump- 
ing circuit appUes the biasing voltage, V„_^, at an n-welL 
The n-well is conjoined to the n-tub and located adjacent to 
the p-wdl of interest. 

Aocording to anodier aspect of die invention, die resulting 
cunrent in the n-tub, I^..^^ is monitored to determine when 
to punq> charge into the n-tub. The pumping biases the n-tub 
to voltages as higji as twice the supply voltage magnitude, 
40 (2V^). 

Acceding to another aspect of the invention, the n-tub 
current is compared to a minimum current threshold 
and a maximimi cunent direshold. The chaxge pump is 
disabled when the current exceeds die maximum 

43 threshold and is turned on before the cunent i;,^^^ goes 
bdow the miniimim tfareshdd. The maximum threshold is 
for keeping the n-tub from exhibiting an undesirable standby 
current The minimum threshold is to keep the n-tub biased 
enough to achieve a desired dectron collection effidency. 

30 In a preferred eird>odiment. a host int^rated circuit 
indudes adjacent first and second well structures, a tub 
structure, a diarge purrip circuit and a regulates circuit The 
first well structure and the substrate are of a first d<^g type. 
The second well and tub structure are <tf a second doping 

53 type, and are conjoined. The first doping type is either one 
of p-type CR* n-type and die second doping type is the other 
one of p-type or n-type. The first well stmcture is separated 
from die substrate by the tub smicture. A biasing voltage, 
(e.g., V^iufrX is ap{died to the tub structure via the second 

60 well creating an tub current (e.g. « ^^odH- 

The diarge pump drcuit has an enable state and a disable 
state. During the enable state the diaige pomp circuit punqjs 
charge into the tub structure to bias the tub structure to a bias 
voltage magnitude exceeding substrate supply voltage mag- 

65 nitude (Lc, V„.^V^). The regulator circuit monitors the 
n-tub current to test the n-tub current relative to a minimum 
current threshold and a mATimnm current threshold. The 
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chaxge pump ciicuit responds to Ifae regulator circuit to devices imrlude SRAMs, DRAMs, flash memoiy ceUs, pro- 

switdk into the disable state when n-tub cuirent magnitude cessor conqmnents, logic devices and other devices for 

rises to the maximum current threshold. The charge pump CMOS, MOS and other semiconductor technologies. IVpi- 

drcuit switches finom the disable state to the enable state caUy an acray oi devices is formed in die center well, 

when n-tub cuirent magnitude falls to die minimum current 5 jhe triple well 40 is fonned by a center p-well 44 and an 

Ihieshoid. The regulator circuit prevents the cfaaige punq) outer p- well 46 sqiarated by an intermediary n-well 52. The 

circuit from forward biasing the tub stnicture. ^^Sls are f raned co a p-type substrate 48. The central p-well 

One advantage of the invention is that any decrease in 44 is isolated from the substrate 48 by an n-tub 56. The n-tub 
electron collection effectiveness caused by conqsromising 56 extends from beneath the center p-well 44 to the con- 
dosage of the n-tub is made up for by charge punqnng the centric surrounding n-well 52. Also illustrated are more 
n-tub to accq)t moe electrons. Thus, the diarge-pumped densely doped r^ons 62, 64, 74 adjacent to electrical 
stnicture exhibits improved n-tub electron collection effec- contacts 82, 84. 94. The n-d<^>ed region 62 of n-well 52 is 
tiveness. These and other aspects and advantages of the adjacent to contact 82. The n-doped region 64 of n-weil 52 
invention will be better understood by reference to the is adjacent to contact 84. The p-doped region 74 of p-weil 44 
following detailed description taken in conjunction with the is adjacent to contact 94. Ahhoug)i not illustrated, in specific 
accompanying drawings. embodiments ai^ one or more of the p-wells 44^ further 
^^.-^ .^^^^^ includes one or more doped regions of die same or opposite 
BRIEF DESCRIPTION OF THE DRAWINGS siml^, in s^c embodiments the n-^ 52 

FIG. 1 is a cross-sectional view of a conventional semi- further includes one or more doped regions of the same or 

conductor triple well; ^ o|^X)site polarity. These additionally doped regions define an 

FIG. 2 is a cross-sectional view of a defective scmicon- an»y of devices, 

ductor triple well; According to conventional operation, tiie n-weU 52 

FIG. 3 is a cross-sectional view of an integrated circuit recewes a supply voltage as a biasing voltage, (see 

having an n-tub charge pumped according to an embodiment comparative structures in FIG. 1). According to the 

of this invention; invention, however, the n-well 52 is coupled to a charge 

FIG. 4 is a cross-sectional view of a tripit well having an P"°V creates a bias voltage as higji as 2V«- 

n-tub charge pumped according to an embodiment of this Pumping Schematic 
invention; 

FIG. 5 is an electrical block diagram and partial schematic 30 ^ shows the electrical schematic of the substrate 

of the circuits of FIG. 3 or FIG. 4 according to an cnibodi- ^^^^ circuitty 50 accordiog to an embodiment 

ment of this invention* invention. The substrate 33/48 is represented sche- 

FIG. < is a Mock dkgnuo of the chaise pump of FIG. S; r^'^^J' u^^Z 

© between the n-tub 35^56 and p-substrate 33/48. (u) a diode 

- . ^ ^ . ^« 1^ and resistor 188 defined by the junction leakage 

HG. 7 IS a chart of «nent versus voltage charactenstxc 35 ^ ^^^^ ^ p-substrate 33^48, and (iii) a 

curves for the n-tub of FIGS. 3 and 4, ^ .^^^^ 1^^^ 

DESCRIFTION OF SPECIFIC EMBODIMENTS between die n-tub 35 and tiie [kwcU 36/44. The related 

circuitry 58 indudes a charge pump 102, regulator circuit 

Overview ^ 104, and a ten4)erature con^nsation circuit 106. 

FIG. 3 shows a portion of a semiconductor integrated The charge pump 102 injects electrons into the n-tub 

circuit 32 at an intermediate step in its fabrication process. 35/56 via the n-wcU 34^54. Referring to FIG. 6, in one 

A p-type substrate 33 has an n-well 34 and an n-tub 35 embodiment the charge pump 102 includes a ring osdllator 

formed so at to define a p-weU 36. The n-tub 35 is charge- a c^adtor 116 (e.g., MOS capacitor or polysilicon to 

pujiq>ed during operation. Specificaliy, a hiss voltage is 45 polysilicon o^adtor) and switching and clamping circuits 

sppUed at a contact 84 resulting in a hiss voltage signal at l^^* The ring oscillator 114 receives tiie voltage and an 

n-well 34 and n-mb 35. The cfaaige puiq>ing aeates a hiss enable/disable signaL When enabled, the ring oscillator 114 

voltage at tiie n-mb 35 which is as high as twice supply generates pulses for diarging the capadtor 116. The capad- 

voltage irmgnT^^f (Vce)' This increased biasing increases outputs a signal which in effe<A stretches the pulses, 

the energy potential weU of the n-tub and counters any 50 The switching and dan^ping circuits 118 tiien serve to shape 

inherent ineffidency characteristic attributable to the n-tub resulting signal to q)proximate a dc signal. The result is 

doping levd. The result is effective dectron collection at the ^ signal with vohagc, V,^, and a current, I„^ 

n-tub. Typically an array of devices are formed in tiie p-well Rderring again to FIG. 5« the regulato* circuit 104 

36 and/or n-wdl determines when the charge pump is enabled or disabled. 

Tv: 1 w 11 D w~i- 55 When die n-tub current, I„.^ dwindles to a minimum 

Triple WeU Embodmoent tiueshold ttie regulator circuit 104 activates tiie charge pump 

FIG. 4 shows a triple well 40 embodiment of this inven- 102. When the n-mb current reaches a maximum threshold 

tion. The trq>le well structure is a device layout on a the regulator circuit 104 disables the charge pump 102. 

semiconductor substrate. For convenience and clarity the In one embodiment the temperature compensation circuit 

stracture is illustrated and described for two p-wells on a 60 106 defines the tninimiim and mftTiwninn tiiresholds as a 

p-substrate separated by an n-wdL An n-tub isolates a function of substrate temperature. In other embodiments 

central p-well from the p-substrate. Alternative only tiie nMnimum thresholds is varied as a function of 

embodiments, however, indude two n-wells on an n-type substrate tenqierature. The oonqmsation circuit 106 is 

substrate separated by a p-well. A p-tub isolates die central formed by known semiconductor-resident drcuit stractures. 

n-tub fi-om the n-substrate. 63 The charge puinp 102, regulator circuit 104 and temperature 

The triple well structure is implemented in various compensation circuit 106, like the triple well 40 are integral 

embodiments for many alternative devices. Exemplary to the host semiconductor. 
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Chaige Punning Metiiod 

The puzpose of charge pumping the n-tub 3S56 is to bias 
the legion to collect more electrons, hi pumping to high bias 
voltages (e.g., ^eater than V^) it is desirable to avoid 
adversely iiiq)acting die center p-well y6/44. In one embodi- 
ment the outer p-well 46 is grounded, while a voltage V^^^ 
apphcd to center p-well 36/44 and a bias voltage is 
Bppikd to the n*well 34/52 (embodiment illustnited). In an 
aitemative embodiment the outer p-well 42 receives a volt- 
age V^^ while die center p-well 44 is grounded and a bias 
voltage is applied to the n-well 52. One does not want 
a high bias voltage (e.g., V„.^V^) to cause adverse 
impact to the curent in die center p-well 36/44. Accordingly, 
die n-tub cuirent, is monitored and compared to 
threshold cunents to determine whether to enable or disable 
the chaige pump lt2. 

The n-tub current, is ii^ut to the regulator circuit 
IM. If the cuorent reaches a manlmum current 
threshold, the legMlatordrcuit 104 disables the charge pump ^ 
102 to avoid an Undesirable standby current in die center 
well 36/44. As the onrent magnitude falls in response to a 
falling bias at the n-tub 35/52, die cunrent approaches 
a Tnimmum cuiient threshold. Once the minimum cunent 
threshold is reached the regulator circuit 104 enables the ^ 
chaige pump. The minimum cunent threshold is selected as 
a level coirespooding to a minimum tolerated electron 
ooliecd(m efficiency at the n-tub 35/56. 

The minimum anient threshold varies widi the tempera- 
ture of the circuitry. Accordingly, in some embodiments die 
ten^jcrature conqsensation circuit 106 is included for vary- 
ing the minimum threshold as a function of temperature. 

FKj. 7 shows cmrent voltage characteristic curves 119, 
120 for tnasing die n-tub. Note diat the minimiiin current 
threshold 122 and die maximum cunent dueshold 124 occur 35 
in the relatively flat region 125. One does not want to bias 
the n-tub into the forward biased region 126. Forward bias 
would result in undesirable standby cunent One also does 
not want to bias the n-tub 35/56 into the avalanche break- 
down region 128. Reverse bias into region 128 would 40 
undesirably conqromise electron collection efBcienqr of die 
Urtub 35/56. Also note that diere arc different characteristic 
curves 119, 120 for differing operating temperatures. 
However, one still may desire to n^ifft?>in a fixed n"TfpTiiyn 
direshold. In other embodiments only the minimu m current 45 
threshold or both the minimum and maTimum cunent 
thresholds are varied. 

Meritorious and Advantageous Effects 

One advantageous effect of the invention is diat any 50 
con^mise in electron collection effectiveness caused by 
reduced doping of the n-tub 35^6 is made up for by charge 
punning die n-tub to accept more electrons. A meritorious 
effect is diat circuits embodied in die center well 3<i/44 have 
inqiroved operating efficiency. 55 

Although a prefened embodiment of the invention has 
been illustiated and described, various alternatives, modiff- 
cadons and equivalents may be used. For exanq)le, although 
the tri|ile well structures described and illustrated are p-type 
wells on p-typc substrates, n-type wells on n-type substrates 60 
arc used In altexnative embodiments. Therefore, the forego- 
ing descrqition should not be taken as limidng the scope <tf 
die inventions which are defined by the aj^iended daims. 

What is claimed is: 

1. A method for biasing a tub region of an integrated 63 
circuit, die integrated dicuit con^3ris^ng a sutistrate in which 
arc formed a first well a second well and die tub region, the 



,877 

6 

first well having a first contact and being of a first doping die 
second well having a second contact, being adjacent to the 
first well and being of a second dofHug type, the first doping 
type being either one of p-type or n-type and the second 
doping type being die other one of p-type n-type, die tub 
region underlying the first well and being conjoined to die 
second well the method conqnising the steps of: 
j^lying a first signal to the first well; punq>ing charge 
into die tub structure via the second contact and the 
. second well to bias the tub region to a bias voltage 
magnitude exceeding supply voltage magnitude, 
in ^ch die step of pumping is perfonned by a charge 
pump circuit integral to the substrate, the charge pun^ 
circuit having an enable state and a disable state, the 
chaige patsxp circuit perfonning punq>ing when in the 
enable state* the diarge pump circuit not performing 
pumping when the charge pump circuit is in the disable, 
and in which said pumping of charge into die tub 
structure is discontinued during the disable state. 

2. A method to biasing a tub region of an integrated 
circuit the integrated circuit comprising a substrate in which 
are formed a first well a second weU and the tub region the 
first well having a first contact and t>eing of a first do in the 
second well having a second contact l>eing adjacent to die 
first well and being of a second doping type, die the first 
doping type being dthcc one of p-type or n-type and die 
second doping type being the other one of p-type or n-the the 
tub region undalying the first well and being joined to the 
seccHid weU, the method oonqHising die stq>s of: 

Inlying a first signal to the first well; 

punqnng charge into the tub structure via the second 
contact and die second well to bias the mb region to a 
bias voltage magnitude exceeding supply voltage 
magnitude, in whidi the step of pun^g is performed 
by a charge pump circuit integral to the substrate die 
charge pun^ circuit having an enable state and a 
disable state, the chaige pump circuit peifonning 
pumping when in the enable state, the chaige pump 
circuit not perf oming pumping when the cfaaige pump 
circuit is in die disable state; 

testing the first cunent relative to a maTimnm cunent 
threshold; and 

switching the diarge pun^ circuit into a disatde state 
when first current magnitude rises to die maximum 
current dne^old. 

3. A method for biasing a tub region of an integrated 
circuit die integrated circuit conqmsing a substrate in which 
are fanned a first well a second well and the tub r^on the 
first well having a first contact and being of a first doping 
type the second well having a second contact, being adjacent 
to the first well and being of a second doping type the first 
doping type being eidier one of p-type or n-type and die 
second deling type being the other one of p-type or n-Qrpe, 
the tub region underiying the first well and being conjoined 
to die second well the method conqirising die steps of: 

iqiplying a first signal to the first well; 

puoqnng charge into the tub structure via the second 
contact and die second well to bias the tub region to a 
bias voltage magnitude exceeding supply voltage 
magnitude, in which the step of punning is petfcnned 
by a charge pomp circuit integral to die substrate, the 
chaige pmop circuit having an en^le state and a 
disable state the charge pump circuit performing puiiq>- 
ing when in the enable state, the charge pump circuit 
not performing pumping when the charge pump circuit 
is in die disable state; 
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testing Ihe first cunent relative to a minimum current 
threshold; and 

switdiiDg the charge pun^ circuit from the disable state 
to the enable state when first cunent magnitude falls to 
the minimum cmrent direshold. ^ 

4. A method for biasing a tub structure of an integrated 
circuit, the integrated dicuit comprising a substrate in which 
are fanned a first wdL a second well and the tub structure, 
the first well having a first contact and being of a first doping 
type, the second well having a second contact being adja- to 
cent to the first well and being of a second doping type, die 
first doping type being either one of p-type or n-type and the 
second doping type being the other one of p-type or n-type, 
the tub structure underlying the first weU and being con- 
joined to the second well, the method comprising the steps t5 
of: 

applying a bias signal to the second welt the Inas signal 
causing a first cunent at the tub structure; 

testing the first cunent relative to a minimum cunent ^ 
threshold and a maximimi current threshold; and 

controlling a charge punq> circuit having an enable state 
and a disable state, (he step of controlling comprising 
switching the charge pump circuit into a disable state 
when first cunent magnitude rises to the maximum 25 
cunent threshold and switching the charge pump circuit 
from the disable state to the enable state when first 
cunoit magnitude falls to die minimum cunent thresh- 
old; and 

wherein the $tq> of applying a bias signal comprises 30 
punq>ing chaige into the tub structure, when the charge 
pump circuit is in the enable state, to bias the tub 
structure to a bias voltage magnitude exceeding the 
supply voltage magnitude. 

5. The method of claim 4, in which the step of controlling 3S 
further con^srises preventing forward biasing of the tub 
structure. 

6. A semiconductor substrate comprising: 
a first well of the first doping type; 

a second well of a second doping type, the first doping ^ 
type being either one of p4ype or n-type and the second 
doping type being the other one of p-type or n-type; 



a tub structure of the second doing type conjoining the 
second well and underiying the first well; 

a charge punq> circuit which pumps charge into the tub 
structure via the second well to define a first cunent 
which biases the tub structure to a bias voltage mag- 
nitude exceeding substrate supply voltage magnitude; 
and 

a regulator circuit monitoring die first current to test die 
first cunent relative to a minimum cunent threshold 
and a maximum current threshold; and 

wherein the charge pump circuit has an enable state and 
a disable state, the charge pun|> circuit responding to 
the regulator circuit to switch into the disal^e state 
when first current magnitude rises to the niAximmn 
cunent direshold, the charge pump circuit switching 
from die disable state to die enable state when first 
cunent magnitude falls to the minimum current 
threshold, die charge pump circuit, when in the enable 
state, pumping the diaige into the tub structure to bias 
the tub stmcture to a bias voltage magnitude exceeding 
the supply voltage magnitude. 

7. The mediod of claim 1, in which die step of pumping 
charge comprises pumping charge as a second signal into the 
tub region via the second contact and die second well to bias 
the tub region to a bias voltage magnitude exceeding supply 
voltage magnitude, wherein the second signal is not inpat to 
the first well. 

8. The mediod of claim 2, in which the step of pumping 
chaige comprises punning charge as a second signal into die 
tub region via die second contact and the second well to bias 
the tub region to a bias voltage magnitude exceeding supply 
voltage magnitude, wherein the second signal is not input to 
die first well. 

9. The method of claim 3, in which the step of punning 
charge conoprises punning charge as a second signal into the 
tub region via die second contact and the second well to bias 
the tub region to a bias voltage magnitude exceeding supply 
voltage magnitude, wherein the second signal is not input to 
the first well. 
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ABSTRACT 



An integrated circuit of the present invention includes power 
regulating circuitry for reducing preregulator bias cmrent In 
one embodiment, power regulating circuitry includes a two 
stage preregulator f<^ supplying current to a diarge pump 
and a primary regulator. The first stage lnclu(tes a high 
power operational amplifier for quickly establishing sub- 
strate bias and other pumped voltages befcH-e pnmaiy volt- 
age is coupled to the remainder of the integrated circuit 
Preregulated and pun^)ed voltages are used to establish a 
reference voltage for the primaxy regulator. The second stage 
preregulator includes a low power series regulator to power 
the charge pumps and so maintain the reference voltage. 
When the primary regulator has generated the primary 
voltage level, the power regulating circuitry coi^les the 
^primaiy vdtage to the remainder of the integrated circuit 
and disables the first stage preregulator. Using circuitry and 
operating methods ci the present invention, the total oper- 
ating and standby current supplied to the integrated circuit 
no longer includes the bias currents related to Ifae operation 
of the high power operational amplifier. 

38 Claims, 7 Drawing ^leets 
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METHOD AND AWARATUS FOR 
REDUCING CURRENT SUPPLIED TO AN 
INTEGRATED CMRCUTT USEABLE IN A 
COMPUTER SYSTEM 

CROSS-REFERENCE TO RELATED 
APPUCAnONS 

This application is a continuation of U.S. patent applica* 
tion Ser. No. 08/496J4L filed Jun. 29, 1995, U.S. Pat No. 
5,563,499 which {plication claims priority from U.S. 
patent appUcation Ser. No. 08/067,194, filed May 25, 1993, 
issued as U.S. Pat No. 5,446367. 

FIELD OF THE INVENTION 

The present invention relates generally to integrated 
circuits, and more particularly, to integrated circuits that 
employ on-chip voltage regulation. 

BACKGROUND 

The typical integrated circuit is designed to connect to a 
single external supply voltage. Within the integrated circuit 
several internal voltages are often used for example to bias 
die substrate, to power subciicuits, and to charge circuitry 
having distributed and parasitic c^»citanoe. The int^rated 
circuit design, therefore, includes voltage regulates for 
developing the internal voltages from the single externally 
suR)licd voltage. Each voltage regulator operates at a given 
efficiency, usually in the range of 50 to 80 percent The 
losses inherent in less than 100 percent efficiency are 
expended as heat. In addition, some conventional voltage 
reguLatcn' circuits require continuous current flow for estab- 
lishing bias voltages. For integrated circuits including 
dynamic random access niemory, for example, the current 
drawn from the external voltage supply when the circuit is 
idle is almost entirely the bias current required voltage 
regulation. 

FIG. 2 is a functional block diagram of a voltage regulator 
circuit for a conventional integrated circuit The externally 
supplied voltage VCCX on line 142 is input to an initial 
regulator 110. Initial regulat<»' 110 includes a series pass 
reguiat(Mr designed to drive high impedance loads. Initial 
regulator 110 is coupled to preregulatcr 112 and VCC 
regulator 120. Preregulator 112 and VCC regulator 120 
include series pass regulators ftat are physically larger than 
the regulator used in initial regulator 110. These larger 
regulators more efficiently pass larger currents to lower 
inq)edance loads than the smaller regulator of initial regu> 
lator 110. However, as a consequence of the ability to 
regulate larger currents, these larger regulators dissipate 
more energy as heat and require larger bias currents than a 
smaUer regulator. From 50 to 98 percent of the total standby 
power dissipation of a conventional integrated circuit 
dynamic memory device is diss^iated by the circuit per- 
fonning the function oi preregulator 112. Preregulat(»r 112 in 
the conventional circuit must be carefully designed. 

The design of preregulator 112 is constrained by several 
design goals. Preregulator 112 should have low impedance 
drive capability to su|^>ort rq>id changes in load current 
supplied to charge pump 118. SeccHid preregulator 112 
should be located in an area of the integrated circuit where 
power dissipation in the form of heat can be tolerated. As an 
analog circuit, preregulator 112 should be located in an area 
of the integrated circuit away from digital circuitry so that 
interference between the analog and digital drcuits is mini- 
mal. Coupling of substrate cunents is one exan^le of 
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unintended coupling diat can be reduced by physically 
separating analog and digital circuits. 

In the conventional design of preregulator 112. sof^sti- 
cated circuitry is employed to avoid underdanq^ed output 
5 voltage to charge p\unp 118 when supply voltage VCCX or 
load current to charge punq) 118 changes suddenly. Sudi 
circuitry conventionally takes the form of an operational 
amplifier requiring large bias currents (for example 5 
miUiamps) to support a large series pass transisto' (for 
10 example 10,000 microns by 1.5 microns). The complexity of 
the operational amplifier adds to space requirements for 
preregulator 112 and adds to the bias current requirement, 
the power dissq>ation. and the heat generated by preregula- 
tor 112. 

To assure accurate performance of the operational 
anq)lifier. conventional integrated circuit design techniques 
require additional mask steps and tighter tolerance controls 
fca the fabrication processes involved as compared to the 
mask steps and process controls required for the remainder 
^ of the integrated circuit. Additional mask steps and process 
controls add to the expense of integrated circuit 
manufacture, increase fabrication time, and decrease yield. 

Some applications require integrated circuits having low 
operating and low standby power consumption. In 
^ applications, including for example, portable computers, 
low power consultation is desirable whUe operating and 
higjdy desirable while portions of the conq)uter are idle. The 
summation of the bias current drawn by each integrated 
circuit in tiie compvtta is a sigiiificant continuous current 
^ drain on the battery. Bias currents, therefore, contribute to 
limited battery operation, contribute to inaeased cost for 
sufficient battery suj^lies for particular applications, and 
make some api^cations infeasible. 

Thus, there remains a need for an int^rated circuit design 
having in^roved voltage regulation circuitry characterized 
by lower bias cmr^t consumption. A design is needed for 
providing regulated voltage to the subcircuits of an inte- 
grated circuit while requiring less bias current while occu- 
^ pying less area of the integrated circuit, while dissipating 
lower power and generating less heat and while responding 
to abrupt changes in supply and load conditions without 
gei^rating underdamped ou^t voltage. 

SUMMARY 

Accordingly, an integrated circuit in one embodiment of 
the fvesent invention includes a [ver^iulator. a regulator. 
timing logic, and a subdrcuit of the integrated drcuit that 
uses regulated power. The integrated circuit receives an 
^ input power signal from an extonal pow» supply. 

The preregulator receives a flow of input current from the 
input power signal and generates a reference signal. In one 
embodiment the reference signal is develq)ed from a stable 
voltage output from a band gap reference circuit In another 
55 embodimirat the reference signal is developed from the 
ou^t of a charge punq). 

The regulator r^ulates the input power signal using the 
reference signal as a reference for regulation and thereby 
generates a regulated power signal for the subdrcuit 
60 Timing logic detennines when the regulated power is 
being adequatdy provided and generates a control signal 
The control signal is coupled to the preregulator. The 
preregulator is designed to respond to the control signal by 
limiting the flow of input current to the preregulator. In one 
65 embodiment, the preregulator includes two circuits: one 
circuit consuming lower bias current than the other. When 
tht control signal is received, the circuit consuming more 
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bias current is paitially or completely disabled so that total 
bias cuirent consunq)tion is reduced. 

According to a first aspect of such an int^rated circuit 
the preregulator includes an operational anoplifier for high 
speed regulatioo of large in-rush cunents and a series ^ 
regulator characterized by low bias current consumption. By 
disabling the operational amplifier after initial current 
requirements have been satisfied, the total operating power 
dissipation for the integrated circuit is reduced. 

According to anodier aspect an integrated circuit design 
incorporating an operational amplifier in the preregulation 
circuitry can be designed and devel(^)ed in less time because 
die functional requirements of the opmtional amplifier are 
simplified. 

According to yet another aspect interference between the 
operational amplifier and digital circuits on the integrated 
circuit is reduced when die (^rational amplifier is disabled 
The design of the operational amplifier is simplified because 
interference is less important ^ 

According to another embodiment a dynamic random 
access memory (DRAM) for operation from an external 
supply of about 5 volts includes a preregulator and regulatCH^ 
of the present invention fcr low power consumption. Func- 
tional circuits on the DRAM integrated circuit operate at a ^5 
voltage about 3 volts. Lower total power consultation is 
achieved by supplying internal voltage from a low power 
series regulator after me^g the need for supplying the 
intemal voltage from a hig)i power operational amplifier 
regulator. ^ 

The present invention may be practiced according to a 
method for reducing input power siq>ply current from an 
input power signal supplied to a subcircuit of an integrated 
circuit The integrated circuit includes a first preregulator 
and a second preregulator which operates with less input 3^ 
power supply current dian the first preregulator, a regulator, 
a charge pump, and a subcircuit The method includes die 
steps of: supplying power from the iapat power signal 
diougb the first preregulat(» to the charge pump until the 
subcircuit receives regulated power from the regulator; ^ 
supplying power from the input power signal through the 
second preregulator to the charge pump; developing a regu- 
lator control signal at least in part responsive to the output 
of die charge pump; and supplying regulated power from the 
input power signal through the regulator to the subdrcuit in 45 
response to die regulator control signal 

According to a first aspect such a method, by supplying 
die charge piunp from the second stage of the jneregulatcr, 
the first stage of die preregulator is no longer necessary. 
Power consuiiq)tion can. therefore, be reduced by ceasing to 50 
supply power from the first stage preregulator. When power 
is no longer being siqyplied by die first stage regylatcr, the 
flow of bias currents to die first stage preregulator can be 
limited or disabled 

These and odier embodiments. a^)ects, advantages, and 55 
features of die present invention will be set forth in part in 
the descrq)tion which follows, and in part will become 
ai^ent to diose skilled in the art by refaence to die 
foUowing description of the invention and referenced draw- 
ings or by practice of the invention. The aspects, advantages, 60 
and features of die invention are realized and attained by 
means of the instrumentalities, procedures, and combina- 
tions particulaiiy pointed out in the appended claims. 

BRIEF DESCRimON OF THE DRAWINGS 

FIG. 1 is a functional block diagram of an integrated 
circuit of the present invention. 
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FIG. 2 is a functional block diagram of die power regu- 
lation circuitry of a conventional integrated circuit 

FIG. 3 is a functional block diagram of a portion of the 
power r^;ulation circuitry of the integrated circuit of FIG. 1. 

FIG. 4 is a timing diagfr am showing signals related to the 
power regulatioo drcuitry <^ FIG. 3. 

FIG. 5 is a schematic diagram of a portion of the circuitry 
shown in FIG. 3. 

FIG. 6 is a schematic diagram of operational amplifier 
AlO shown in FIG. 5. 

FIG. 7 is a diagram of a memory according to an 
embodiment of the present invention. 

In each iunctional block diagram, a group of signals is 
shown as a sin^e line. A single line between functional 
blocks represents one or more control or power signals. 
Sigaals diat appear on several Hgures and have the same 
nmemonic are direcdy or indirectiy coi^led together. 

In each timing diagram the vertical axis rq>resents analog 
power and control signal levels and binary logic levels; the 
horizontal axis rqxresents time. Neither axis is drawn to 
scale. The vertical axis is intended to show the transition 
from active (asserted) to passive (non-asserted) levels of 
each logic signal. The voltages corresponding to the levels 
of the various analog and digital signals arc not necessarily 
identical among die various signals. 

DESC3UPnON OF THE INVENTION 

FIG. 1 is a fimctional blodc diagram of an integrated 
circuit of the present invention. Integrated drcuit 10 is an 
integrated circuit having conventional functions shown gen- 
erally as circuit 30, and connections for input power signals 
(VCGX) on line 42, ground signals ((jND) on line 44, an 
input shown generally as input signals on line 4S and an 
ou^t shown generally as output signals on line 58. The 
need for an oxttpat signal depends on the function of drcuit 
30. Line 58 may be deleted when the function of circuit 30 
does not require provision (tf an output signal As shown, 
circuit 30 uses power signals and control signals for initial- 
ization and operation. 

Power signals provided to circuit 30 are derived from 
power signals on line 42. When circuit 30 requires multiple 
power signals for q)eration, integrated drcuit 10 includes 
low voltage regulator 14 and primary r^ulators 20. Low 
voltage regulator 14 provides intermediate power signals on 
line 50, coupled as required to substrate charge pumps 16, 
special charge pimxps 18, and primary regulators 20. Sub- 
strate charge pumps 16 provide power signals on line 52 
coq)led to circuit 30. Special charge pumps 18 provide 
power signab on line 54 coiq>led to circuit 30. Primary 
regulatcars 20 provide power signals on line 56 coupled to 
circuit 30. When drcuit 30 requires fewer power signals for 
operation, intermediate power signals on line 50 may be 
eliminated and related siiiq>lifications may be employed as 
is well known in the art Taken together, signals on lines 
50-56 provide operative power to circuit 30, enabling it to 
perform its intended functions. 

Low voltage regulator 14 receives power and control 
signals on line 40 provided by power up logic 12. Control 
signals on line 40 enaUe the operation of low voltage 
TCg}i\axox 14. Similarly, control signals on line 46, provided 
by power up logic 12 enable die operation of substrate 
charge pumps 16, spedal charge pumps 18, and primary 
regulators 20. The sequence of enablement of diese sevcrid 
functional blocks depends on die circuitry of each functional 
block and upon the power signal sequence requirements of 
circuit 30. 
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The functions of power up logic 12 in aooCher equivalent 
embodiment* not shown, are incofpcrated into threshold 
detectors and sequencing logic in low voltage legulatos- 14, 
in charge pumps 16 and 18, and in primary regulators 20. In 
one example oi such an erabodimenu charge pumps 18 s 
detect when power signals on line 54 are valid and supply a 
validity signal to primary regulators 20. Primaiy rc^;ulators 
20 include shunt drcuidry known to those skilled in Ifae art 
to hold regulated power signals on line 56 at ground until a 
predetermined time, for example, after validity signals arc lO 
received from charge pumps 18. 

In another equivalent embodiment of the invention, cir- 
cuit 30 does not use bias or power signals that would require 
a charge pump for generation. In such a case, substrate 
cfaaige pumps 16 and special charge pumps 18 are not ts 
implemented; and reference voltages, if needed by as iri- 
mary regulator 20. are provided by low voltage regulator 14. 

FIG. 2 is a functional block diagram of the power regu- 
lation circuitry of a conventional integrated circuit. Refer to 
tiie background section for a discussion of FIG. 2. 

FIG. 3 is a functional block diagram of the power regu- 
lation circuitry of the integrated circuit of FIG. 1. Low 
voltage regulator 14 is shown in more detaU whereas charge 
pump 18 and primary regulator 20 are carried over from 
FIG. 1 in order to show interface signals in more detaiL 
Ground signal 44 is not shown e]q)licitly but is coupled to 
each functional block as is well known to tiiose skilled in the 
art 

A charge punq) of the type suitable for use in the circuitry ^ 
shown in FIGS. 1, 3. and 5 is shown in U.S. Pat. No. 
4388*537, **Substrate Bias Generation Circuit** to Kanuma, 
incQipOTated herein by reference. Those having <Htlinary 
skill in the art will recognize that a buffer similar to UIO 
shown and described in reference to FIG. 5 can be added to 
the Kanuma design for generation of the VALID signal. 

Low voltage regulator 14 includes initial regulates 202, 
first stage preregulatca^ 204, and second stage i^egulatcB* 
206. In general a prmgnilator is a regulator or a source 
whose output is used by another regulator. As a source, a ^ 
preregulator generates a reference voltage or current or 
generates a control signal depending on design dioices and 
the needs of circuit 30. Aregulator is a device that provides 
a signal characterized tiy a stable value. For exan^e. a 
voltage regulator provides a signal having a voltage that is 45 
maintained between narrow tolerances, indq>endent of sup- 
ply and load variation. Thus, the ]seregulating means of 
integrated circuit 10 includes low voltage regulator 14 and 
chaige pum^ 18 because charge panxp 18 provides a voltage 
VCCP as a reference to second stage jn-eregulatcBr 206, as 50 
will be discussed below. 

Low voltage regulator 14 receives input power signal 
VCCX on line 42. In one embodiment, VCCX is a direct 
current voltage of 5 volts with a current sui^ly capability of 
several hundred milliamps. VCCX powers initial regulator 55 
202 which generates tnas voltage NBIAS on line 60 and 
reference signal VR on line 43. First stage preregulatcH- 204 
receives input power signal VCCX on line 42. When 
enabled by the ENABLE signal on line 64, first stage 
preregulator responds to reference signal VR on line 43 and 60 
bias voltage NBIAS on line 60 to generate a regulated 
voltage VCCRP (m line 62. VCCRP supines power to 
charge pun^ 18 and acts as a reference voltage fct timing 
purposes to be discussed below with primary regulator 20. 
VCCRP in one embodiment is about 33 volts. 65 

The ENABLE signal on line 64. when removed or not 
asserted, operates to limit the flow of input current to first 
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stage preregulator 204. In one embodiment, first stage 
preregulator 204 is turned ofF so that it draws no current 
from input power signal VCCX. 

Second stage preregulator 206 receives input power signal 
VCCX on line 42. In response to reference signal VR, 
second stage prercgulatCH^ 206 generates regulated voltage 
VCCRP 00 bus line 62 and regulator control signal VBIAS 
on line 66. Since the ou^t of second stage preregulator 206 
is connected with the ou^t of first stage preregulator 204, 
the respective output currents sum on bus line 62. Therefore, 
the current drawn from bus line 62 when first stage preregu- 
lator 204 is turned off is supplied entirely by second stage 
preregulator 206. 

Charge pump 18 receives power signal VCCRP on bus 
line 62 to generate and maintain pumped voltage VCCP on 
line 54. When pumped voltage VCCP has reached a stable 
condition, charge punq) 18 generates the VALID signal on 
line 68. The stable value of VCCP depends on the design of 
integrated circuit 10. In one embodiment, for example, a 
voltage in the range -0.7 to -1.1 volts is ou^ut by a 
substrate chaige pump. In other embodiments the voltage 
outpiA of special charge pumps are. for example, a voltage 
of 5.4 volts or a voltage about one VT (0.7 volts) above 
VCC. Purr^)ed voltage VCCP is used by circuit 30 in one 
embodiment to maintain the substrate below ground 
potential in another embodiment to bias mem(»y word lines 
to a potential above the voltage of power signal VCCR on 
line 56. and in another embodiment as a regulated power 
signal to satisfy the spedal bias and power requirements of 
circuit 30. Pumped voltage VCCP is used in the embodiment 
shown in FIG. 3 by second stage preregulator 206 as a 
reference voltage for the development of the VBIAS regu- 
lator control signal on line 66. 

Primary regulator 20 receives input power signal VCCX 
on line 42. In response to regulator control signal VBIAS on 
line 66. primaxy regulator 20 generates regulated power 
signal VCCR on line 56. In one embodiment, VCCR is a 
voltage of about 33 voUs with the c^bHity to supply 
several hundred winiiamp s of current to circuit 30. 

Primary regulator 20 includes timing circuitry for gener- 
ating the ENABLE signal on line 64. In one embodiment 
the timing circuitry is responsive to the magnitude of tiie 
VCCRP voltage on 62. tbt magnitude of tiie VCCR voltage 
on line 56, and the inesence of the VALID signal on line 68. 
In an equivalent embodiment the ENABLE signal is devel- 
oped from timing delays measured from the application of 
input power signal VCCX. In yet another equivalent 
embodiment the ENABLE signal is developed in response 
to a combination of timing delays, signal detection, and 
magnitude con^iarisons. The purpose of limiting tiie bias 
current drawn by first stage preregulator 204, and thus 
reducing iiqiut power supply current to integrated circuit 10. 
can be accomplished in a preferred embodiment by turning 
off first stage preregulator 204 as soon as power signal 
VCCR on line 56 irutially reaches a stable condition. This 
technique is preferred because it miiumizes bias current 
consunqytion. Other embodiments that emi^oy timing cir- 
cuitry to acconQ)lish this purpose by generating or removing 
the ENABLE signal at other times are equivalent. Before 
describing a circuit embodiment of the process of reducing 
Input power supply current to integrated draut 10. we now 
turn to a timing description oi that process. 

FIG. 4 is a timing <iia gp- nm showing signals related to the 
power regulation circuitry of FIG. 3. After input power 
signal VCCX is applied to integrated circuit 10 at time tl, 
the voltage increases to a stable operating level at time t3. By 
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time t2 the voltage of input power signal VCCX is sufSdent 
for initial regulator 202 to begin generating reference signal 
VR. The voltage of reference signal VR increases to a stable 
operating level at time t4. By time t3, the voltage of 
reference signal VR is sufKcient for first stage preregulator 
204 to begin raising the voltage on bus line 62 as rqnesented 
by power signal VCCRR By time t4, the voltage of power 
signal VCCRP is sufBcient for charge pump 18 to begin 
generating regulated power signal VCCR For the embodi- 
ment wherein VBIAS is generated responsive to VR and 
VCCP. second stage preregulator 206 generates VBIAS 
beginning at time tl The voltage of signal VBIAS inaeases 
to a sUble operating level at time t6 when the voltage o£ 
regulated power signal VCCP has reached a stable (gating 
level. In response to regulator oontrd signal VBIAS. pri- 
mary regulator 20 generates regulated power signal VCCR 
which reaches a stable operating level at time t6. At time t7. 
chaige pun^) 18 detects that hs output, VCCP. is at a stable 
q)erating level and generates the VAUD signal. In re^nse 
to signal detection and magnitude coiiq>ari5ons already 
discussed in relation to timing circuitry included in primary 
regulator 20, the ENABLE signal is generated at time t8. 

Although the timing diagram represents the sequence of 
signals for one embodiment some variation of die sequence 
is within the scope of the jmsent invention. For exanq>le, as 
will be understood by those of skill in the ait, the response 
times of initial regulator, first and second stage pmegulaton 
charge pump, and primary regulator rxuy vary widi the 
complexity, capacitance* and drive capability of the reac- 
tive circuitiy so tiiat the sequence of events between times 
tl and t7 may vary. In addition, tiie regulated power signals 
VCCP and VCCR may be withheld from dxcuit 30 by shunt 
(clamp) circuits until each or both have reached stable 
operating levels, fat example, at time t6. Because the time 
axis is not to scale, some of the events described in sequence 
occur simultaneously in equivalent embodiments. 

FIG. 5 is a schematic diagram of a pcrtioo of the circuitry 
shown in FIG. 3. Reference signal VR is generated by a 
circuit* not shown, having limited current drive ci^bility. In 
one embodiment, signal VR is developed by a band gap 
reference circuit For an explanation of band gap reference 
circuits, see "A Precision Reference Voltage Source,** Karel 
E. Kuijk, Journal of Solid State Circuits June 1973. As 
a source for signal VR. other equivalent circuits are well 
known in the art for exan^le circuits including an (Ra- 
tional am{^er, a differential amplifier, or a charge pump. 
Reference signal VR is filtered by resisted RIO and capacitor 
CIO and qjplied to operational ajiq>lifier AlO. Operational 
aiiq>lifier AlO provides unity gain buflfecing so that the 
output power signal VCCRP on line 62 has a voltage 
corresponding to reference signal VR widi increased current 
drive capability. The current sui^lied by operational aiiQ>li- 
fier AlO is conducted on bus 62 to power charge pump 18. 

Charge pump 18 generates regulated power signal VCCP 
at a pumped voltage level as described with reference to 

na3. 

Resistors R12 and R14 operate as a vdtage divider to 
provide the VBIAS signal on line 66 with a voltage between 
the voltage of VR and VCCP Because both VR and VCCP 
have regulated voltage characteristics, die voltage VBIAS is 
a regulated scaled result determined in part by the values of 
lesistcrs R12 and R14. Thus, resistors R12 and R14 coop- 
erate as means fox scaling reference signal VR to i^ovide 
regulator control signal VBIAS with a voltage between the 
voltage of reference signal VR and regulated power signal 
VCCR 

The VBIAS signal on line 66 controls die conductivity of 
transistor QIO so that the current passing through the 
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source-drain channel is regulated. The gate of transistor QIO 
is a so called control terminal of transistor QIO. Transistor 
QIO, ttierefore, operates as a regulator, supplying current 
onto bus 62. 

5 Bus 62 conducts current supplied by either or both 
amplifier AlO and regulator QIO. When amplifier AlO is 
disabled, current from QIO supplies charge pump 18 and the 
timing circuitry of inimary regulator 20. 
Transistor Q12 opiates as a regulator in a marmer iden- 
10 tical to the operation of transistor QIO. In an equivalent 
embodiment, regulated power signal VCCR is generated 
with a voltage different from the voltage of power signal 
VCCRP by connecting the gate of Q12 to an alternate source 
of bias voltage as is well known in the ait. 

The ENABLE signal controls the q)eration of amplifier 
AlO. The ENABLE signal is generated by timing means 
shown, in FIG. 5 as logic buffers UIO and U12, and NAND 
gate U14. Buffer UIO outputs a logic level conesponding to 
whetho- VCCR exceeds a threshold voltage. In an alternate 
^ embodiment, an analog comparator or level translator is 
used in place of the logic bufiier. The function of the buffer 
is to compare the magnitude of the voltage of the VCCR 
signal to a direshold voltage and to generate an output binary 
logic signal as a result of the comparison. The input validly 
^ differs from the Areshold when, in the case of positive input 
and threshold voltages the irq>ut is in excess of the threshold. 
Likewise, when the input and threshold voltages are 
negative, the input validly differs from the threshold when 
the input is further negative than die threshold. 

Buffer U12 operates in a manner similar to buffer UIO, 
comparing die magnitude of the voltage of tht VCCRP to a 
threshold voltage and generating an output binary logic 
signal as a result oS the conqiarison. 
35 NAND gate U14 combines die result of magnitude com- 
parisons performed by buffers UIO and U12 with die VALID 
signal on line 68, generated by charge pump 18. The 
ENABLE signal is a high voltage until the signals on all 
three ii^Mits to gate U14 are logic *V whereupon the 
4g ENABLE signal is a low voltage. The effect of die voltage 
level of tt» ENABLE signal in a prderred embodiment is 
best understood with reference to die schematic of opera- 
tional anq>lifier AlO. 
FIG. 6 is a schematic diagram of operational amplifier 
45 AlO shown in FIG. 5. The circuit of operational an:^)lifier 
AlO is a differential anq^lificr having balanced loads Q200 
and Q210 which provide currents ibl and il^. The difference 
in input voltages on the gates of transistors Q220 and Q23# 
cause the ratio of these two currents to vary according to the 
50 difference. These two currents sum to form current ib3. into 
a bias circuit famed in part by transistors Q240, Q250. 

As shown in FIG. 5, the gate of transistor Q240 is coupled 
to the NBIAS signal on line 60. generated by initial regulator 
110. Because Q250 is in series with transistor Q240 and 
55 current ib3 must pass through transistor Q250 in fiiU. die 
ENABLE signal coupled to the control terminal (gate) of 
transistor Q250, v^en at a low voltage will reduce the flow 
of current ibS. In a preferred embodiment Q2S0 is turned off 
so diat virtually no current passes through its source-drain 
60 charmel. By turning off transistor Q250. no bias current is 
drawn firom ii^ut power signal VCCX into operational 
anq>lifier AlO. Thus, the total current drawn by integrated 
circuit 10 from input power signal VCCX is reduced by 
intemipting die flow of bias current to anqxiifier AlO. 
65 In an equivalent embodiment, the flow (tf t>ias current to 
low voltage regulator 14 shown in FIGS. 1 and 3 is limited 
by alternate limiting means including, for exanqxle. drcuitiy 
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to pinch off the source-drain channel of a regulator 
transistor, a load transistor, a biasing transistor, or a similar 
control transistor; circuitry for coupling a control signal to 
the gate or an equivalent control terminal; or circuits fot 
cou^ing such a control signal to an additional gate of tiie 3 
same device for the purpose of independent control. 
Equivalently, means for limiting cuirent include switching 
devices for inteirupting current flow and back biasing cir- 
cuits for increasing a voltage to interfere widi current flow. 

The transistor Q260 shown in FIG. 6 typically occupies an W 
area about an order of magnitude larger than the average size 
of transistors Q220 through Q250. The large size is neces- 
saiy for satisfying in-rush cunent needed by charge pumps. 
By operating amplifier AlO primarily during the time before 
dfcult 30 is powered and disabling anq)lifier AlO shortly 
thereafter, transistor Q260 can be located with less concern 
for signal interference. 

FIG. 7 is a diagram of a roemcxy according to an 
enibodiment of the present invention. Random access 
memory 324 provides data signal 326 representing data ^ 
stored at an address corresponding to address signal 322. 
Random access memory 324 is powered by regulated power 
signal VCCR Power signal VCCP supplies an elevated 
voltage to w<x'd lines in random access memory 324. 

A wide range of alternate embodiments are equivalent to ^ 
the embodiments described above. For example, circuit 30 
(a subcircuit of integrated circuit 10) in alternate embodi- 
ments includes an analog circuit, a logic circuit a menuny, 
a signal processor, a microprocess(v, a microcomputer, a*^ 
signal converter (sudi as analog to digital, digital to syndiro, 
and the like), a device for communications, for process 
control, for display, for monitoring safety conditions, or for 
monitoring conditions related to security. The benefit of 
reducing input current to an integrated circuit has primary 
application to batteiy operated systems, but has inq^ortant 
applications in all systems for meeting eneigy oonservadon 
goals. 

The foregoing descriplion discusses prefnred embodi- 
ments of the present invention, which may be changed or ^ 
modified without departing fi'om the scope of the present 
invention. 

Fat example, P-channel FETs discussed above may be 
replaced with N-channel FFTs (and vice versa) in some 
ICT^^^QPS with a ppropriate polarity changes in controlling 45 
signals as required. Moreover, the P-channel and N-channd 
FETs discussed above generally represent active devices 
which may be replaced with bipolar or other technology 
active devices. 

Still further, those skilled in the art will understand fliat 30 
the logical elements described above may be formed using 
a wide variety of logical gates en9>loying any polarity of 
input or output signals and that the logical values described 
above may be inq>len^nted using different voltage polari- 
ties. As an example, an AND element may be formed using 55 
an AND gate, a NAND gate, or a wired-AND connection 
when all input signals exhibit a positive logic convention or 
it may be formed using an OR gate, a NOR gate, or a 
wired-OR connection v^n ail input signals exhibit a nega- 
tive logic convention. 60 

These and other changes and modifications are intended 
to be included wifliin the scope of the i^sent invention. 

While for the sake of clarity and ease of description, 
several specific embodiments of the invention have been 
described; the scope of the invention is intended to be 65 
measured by flie daims as set forth below. The description 
is not intended to be exhaustive or to limit the invention to 



the form disclosed. Other embodiments of the invention will 
be apparent in light of the disclosure to one oi ordiiuuy skill 
in the art to which the invention j^lies. 

The w<xds and {toises used in the claims are intended to 
be broadly omstrued. 

A "circuit" or "subdrcuif refers generally to integrated 
circuits and includes but is not limited to a padkaged 
integrated circuit an unpackaged integrated circuit, a com- 
bination of packaged or unpackaged integrated circuits or 
both, a microprocessor, a microcontroUer. a memocy, a 
register, a flip-flop, a charge-coupled device, conobinations 
thereof, and equivalents. 

A "signal" refers to mechanical and/cv electromagnetic 
energy conveying information. When elements are coupled, 
a signal can be conveyed in any manner feasible in lig^t of 
the nature of die coupling. For exainple. if several electrical 
conductors couple two elements, then the relevant signal 
conqnises the eneigy on one. some, <x aU conductors at a 
given time or time period. When a physical property of a 
signal has a quantitative measure and the property is used by 
design to control or communicate information, then the 
signal is said to be characterized by having a 'Value.** ¥<x a 
binary (digital) signal the two characteristic values are 
called logic "levels.** 

Idaim: 

1. A voltage regulator for sqiplying a regulated voltage to 
an integrated circuit, comprising: 

a first regulator having a power supply input terminaL a 
first r^:ulated v<^tage output terminal, and a control 
input terminal, the first regulator being ad^ed to 
supply to the integrated circuit a first regulated voltage 
at the first regulated ventage ou^ut terminal from a first 
power supply voltage applied to the power supply input 
terminal, the power drawn by the first regulator from 
the first power si^ly input terminal being controlled 
by a power control signal ^lied to die control input 
terminai; 

a second regulator having a power siqyply input CenninaL 
and a second regulated voltage output terminal, the 
second regulator being adapted to supply to the inte- 
grated circuit a seomd regulated voltage at the second 
regulated voltage output terminal from a second power 
supply voltage applied to the power supply input ter- 
minal; and 

a power control circuit coupled to the second regulated 
vohage output terminal of the second regulator and the 
control input terminal of the first regulator, the power 
control circuit generating the power control signal to 
reduce the power drawn by the first regulator from the 
first power supply input terminal responsive to the 
magnitude of the second r^^lated voltage being within 
a predetermined range of values. 

2. The voltage regulator of claim 1 wherein the first and 
second power supply input terminals are coupled to eadi 
other to form a common node. 

3. The voltage regulates of claim 1 wherein the integrated 
drcuit includes a power bus. and wherein flie first and 
second regulated voltage output texminals are coupled to the 
power bus. 

4. Hie voltage regulator of daim 1 further comprising a 
charge pump generating a diarge pump voltage at a charge 
pump voltage terminal having a magnitude that is greater 
than ttie magnitude of a diarge pump supply voltage applied 
to a power supply input of the (±arge pun^. the power 
supply input of die charge pump being coupled to the first 
regulated voltage output terminal of the first regulator, and 
the charge puisxp voltage terminal being coupled to the 
integrated circuit 
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5. The voltage regulator of claim 4 wherein die second second regulated voltage output tenninal coupled to the 
regulator further includes a first voltage reference input power tenninal of the int^rated circuit to supfdy a 
coupled to the charge pomp voltage tenninal the magnitude second regulated voltage to the integrated ctroiit die 
of the second regulated voltage being a function of the power ciq»acity of ttie second regulator being less ^ 
magnitude of die charge pump voltage appUed to die first 5 Jf P^^»S^nf JSS SKjiSSSnlf; 
voltage rcfaence input. *=^"fy ^ ^ «8»V*«" «afg dian die 

6. Tlie voltage regulator of claim 5 wherein die second effiacncy of d» firrt regutaton and 

regulator furditt indudcs a second voltage reference input " t»wer conttol cirarit ooiqded to die second legukted 

reldving a fixed reference voltage, and wherein die m^g- ^^l^f output tenmnal f *e «»ond re^ilator and die 

nitude 0! ^^^'^^^^-^.l^^t^^t^l:^ tc SSI a.1^^;te%^^l'^£^S 

conqjanson Dctwecn me magmmoe or me mwa reicrence supriied to die inteisated circuit by 

voltage and die magnitude of die diarge pump voltage ^ regulator responsive to die i^gnitude of die 

applied to die first voltage reference uyut. j^j^n^ regulated voltaBs being within a predetermined 

7. The voltage regulator of claim 1 further conpnsmg a ralues. 

charge pump generating a diarge punq) vdtagc at a diaige M.Thevoltageregulatorof claim 13 wherein die first and 

pump voltage terminal having a magnittide that is greater is jg^^j j^g^^^ voltage output terminals are coupled to die 

dian die magnitude of a charge pump supply voltage ^lied power terminal of die integrated dicuit through a charge 

to a power supply input of the charge pump, the power pun^, die charge pun^) generating a charge punq) voltage at 

supply input of the charge punq> being coupled to die second ^ charge pump voltage terminal having a magnitude diat is 

regulated voltage output terminal of die second regulator. greater dian the magnitude of a charge pump supply voltage 

and die charge puit^ voltage terminal beii« coupled to die 20 applied to a power siqiply input of die charge pump, die 

integrated circuit power supply input of the diaige pomp bong coupled to the 

8. The voltage regulator of claim 1 whaein at least one of g^j, second regulated v<dtage output terminals of die 
die first and second regulated voltage oMpM tenninals is first and second regulators, reflectively, and die diarge 
coupled to die power terminal of die integrated circuit punmvdlage tenninal being coupled to die power tenninal 
dirough a charge pump, die charge pun^ generating a charge 25 of die inti»rated drcutt. 

pump voltage at a charge pump voltage ^aw^,^ power ^ ^ regulator of dafan 14 wheiein die second 

'^^ITn'^^f"^''^^^'^ ^.^l}^ regulator fintto includes a first voltage reference input 

one of the first and second regidated voltage ou^wt torn- J ^ magnitude 

nals of die first and second regulators, reqiectivdy. and die coi^icu 10 mc tnaigc ymuy yuiuige lauuim^ majsuinwt 

diarge pump voltage tenninal being co^ to die powei ^ ^""^ * V «^ 

temSoal <rfdie integrated circuit magmtade of the diarge pomp voltage arehcd to die first 

9. The voltage regulator of claim I wherein die powex voltagercfercnce mput. , , . ,^ ^ . ^ 
control drcuit ii coupled to die charge pump voltage tami- Thcvdtagc ryfMar of daim IS wherem die second 
nal of die charge pmnp. and wherein die power control «B^!" furtier mdudes a second volUge reference mput 
dicuit furdier iSiiWblenerating die power control signal „ recovmg a fi«d refoence vottagej, and wherem die mag- 
responsive to die magnimdc of die second regulated voltage " of die second regulated voltage IS a Unction of a 
ex^g a predetcnnined value unless die magnitude of comparison bdween die niagmtude of die toed reference 
die duuge pi!mp vdtage is widiin a predetermined range. voltage and the ma^utude of die charge pump voltage 

W.nie voltage regulator of daim 1 wherein die power apphed to die first voltage reference mj^^^ 

control drcuit gencratesttiepowercontrolsignalresponsive ^ 17. pe voltage regulator dami 14 wherem die power 

to die magnitude of die second regulated voltage exceeding ~f^' « «>"Pl«> ^ *f voltage terim- 

a predetennined value. * nal of die diarge pump, and wherem die power control 

11. -me voltage regulator of claim 1 wherein die first findier inhibits generating die power condol s^al 
regulator, die second regulator, and die power control drcuit responsive to d» magnitude of die second regulated vottage 
ttc fabricated on die same substrate as die integrated drcuit exceeding a predetennined >«hie uid^ die ma^utude of 

12. The voltage regulator of daim 1 whooin die first « die charge pump voltage is wiflun a prcdetenmned range of 
regulator comrrises: values. 

a differential amplifier having an output coupled to die '^5 "^^^ ^ P*^^^ 

r^regS^^ t«iSal^ a pair of control circuit genenitestbe power conti^^^ 

inputs wupled to Ae fi^rcgulatcd voltage ^tput ^ to the magnitude of the second regulated voltage exceeding 

tenninal and a fixed reference voltage, respectively; ^ » predetermined value. ^ , . ^ . ^ ^ 

19. Hie voltage regulator of daim 13 ^erem the first 

a current limiting circuit coupled to the power control regulator, the second regulator, and the power control 

circuit, the current limiting circuit contr<dling the cur- are fabricated on the same substrate as Qie integrated circuit 

rent supplied to the differential amplifier responsive to The voltage regulator of daim 13 wherein the first 

the magnitude of the power control signal. regulator conqmses: 

13. A v(dtage r^ulator f<x supplying a r^ulated voltage a differential amplifier having an output coupled to die 
to a powor terminal of an integrated drcuit, con^vising: first regulated voltage output terminal and a pair of 

a first r^ulalor having a power supply input terminal coupled to the first regulated voltage out]^t 

adj^ted to be coupled to a power source, a first rcgu- terminal and a fixed reference voltage, respectively; 

lated vottage output tenmnal coupled to the power ^ 

tominal of the integrated circuit to supply a first a current limiting circuit coupled to the power control 
regulated voltage to the integrated circuit, and a control circuit, the current limiting drcuit controlling the cur- 
input tenmnal. the power supplied to the integrated rent supplied to the differential anq>lifier responsive to 
circuit by ttie first regulatcx' being controlled by a power the magnitude of the power control signaL 
control signal applieid to the control input terminal; 65 21. A memory device, c<Hnprising: 
a second regulator having a power supply input terminal a memory drcuit having an address bus adapted to receive 
ad^ted to be coupled to the power source, and a a memory address, and a data bus ad^ted to send and 
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receive data, die memory circuit being adapted to 
receive at least one power supply voltage sq)plying 
power to the memory circuit; 

a first regulator circuit having a power supply input 
terminal, a first regulated volt^e output terminal 5 
coupled to the mcmcsy circuit and a control input 
terminal, the first regulator circuit being ad^ted to 
supply a first regulated voltage to die memory circuit at 
the first regulated voltage ouQxit terminal fxom a first 
power supply voltage applied to the power supply input 
terminal, the power supf^ed to the memory circuit by 10 
the first regulator circuit being controlled by a power 
control signal applied to the control input terminal of 
the first regulator circuit; 

a second regulator circuit having a power suj^ly input 
terminal, and a second regulated voltage output tenni- ^3 
oal coupled to the memory circuit, the second regulator 
circuit being adapted to supply a second regulated 
voltage to the memory circuit at the second regulated 
voltage output terminal from a second power supply 
voltage applied to the power supply input tenninal; and 

a power control circuit coupled to the second regulated ^ 
voltage output terminal of Che second regulator circuit 
and the control input tenninal of the first regulator, the 
power control circuit generating the power control 
signal to reduce the power supplied to the memory 
circuit by the first regulator circuit responsive to the 25 
magnitude of the second regulated voltage being within 
a predetermined range of values. 

22. The memory device of claim 21 wherein the first and 
second power supply iiq>ut terminals aie coupled to a 
common node of the memory circuit 30 

23. The mcmcxy device of daim 21 wherein the memory 
circuit includes a power bus, and wherein the first and 
second regulated voltage output terminals arc coupled to the 
power bus of the memory circuit 

24. The tnemory device of claim 21 further comprising a 3S 
charge pump generating a charge pump voltage at a charge 
pomp voltage terminal having a magnitude that is greater 
than the magnitude of a diaige pump supply voltage ^lied 

to a power supply input of the charge pump, the power 
supply input of the charge pump being coupled to the first 40 
regulated voltage ou^ut terminal of the first regulator 
draiit* and the charge pump voltage terminal being coiq>led 
to the mem<Hy circuit 

25. The memory device of claim 24 wherein the second 
regulatcn* circuit further includes a first voltage reference 4S 
input coupled to the charge pump voltage terminal, the 
magnitude of the second regulated ventage being a function 

of the magnitude of the charge pump voltage applied to the 
first voltage refoence input 

26. The memory device of claim 25 wherein the second 50 
regulator circuit further indudes a second voltage lefoenoe 
input receiving a fixed reference voltage, and wherein the 
magnitude of the second regulated voltage is a function of a 
oon^arison between the magnitude of the fixed reference 
voltage and the magnitude of the charge pump voltage 55 
q^lied to the first voltage reference input. 

27. The memory device of claim 21 further comprising a 
diarge pump generating a charge pump voltage at a charge 
pump voltage terminal having a magnitude that is greater 
than the magnitude of a charge pmop supply voltage appUed 
to a power supply input of the charge pun^, the power 
supply input of the diarge pump being coupled to die second 
regulated voltage output terminal of the second regulator 
circuit and the charge pump voltage terminal being coupled 

to the memory circuit 65 

28. The memory device of claim 21 wherein at least one 
of the first and second regulated voltage output terminals is 



coupled to the memOTy circuit through a charge pump, the 
charge pump generating a charge pump voltage at a diarge 
pomp voltage terminal* the power supply input of the charge 
punxp being coupled to the at least one of the first and second 
regulated voltage ou4>ut terminals of the first and second 
regulator circuits* respectivdy. and the charge pump voltage 
terminal being coupled to the memory circuit. 

29. The memory device of daim 21 wherein the power 
control circuit is coupled to the charge pump voltage termi- 
nal of the charge pump, and wherein the power control 
circuit further inhibiu generating the power control signal 
reqxmsive to the magnitude of the second regulated voltage 
exceeding a predetermined value unless the magnitude of 
the diarge pump voltage is within a predetermined range. 

30. The mem(»y device of daim 21 wherein the power 
control circuit generates the power control signal responsive 
to the magnitude of the second regulated voltage exceeding 
a predetermined value. 

31. The memory device of claim 21 wherein the first 
regulator circuit, the second regulator circuit, and the power 
control circuit are fabricated on the same substrate as the 
memory drcuit 

3X The memory device of claim 21 wherdn the first 
regulator circuit conqnises: 
a differential amplifier having an output coupled to the 
first regulated voltage output terminal and a pair of 
ii^ts coupled to the first regulated voltage output 
tenninal and a fixed reference voltage, respectively; 
and 

a current limiting circuit coupled to the power control 
circuit, the current limiting circuit controlling the cur- 
rent supplied to the differential amplifier responsive to 
die magnitude of the power control signal 

33. The memory device of claim 21 wherein the memory 
circuit comprises a dynamic random access memory circuit 

34. A method of supplying a regulated voltage to an 
integrated drcuit comprising: 

sillying a first regulated voltage to the integrated 
circuit the power supplied to the integrated circuit by 
the first regulator being controllable; 

supplying a second regulated voltage to the integrated 
drcuit; 

examining the magniHide of the second regulated voltage; 
and 

reducing the power supplied to the integrated circuit by 
the first regulated voltage responsive to the magnitude 
of the second regulated voltage being wifiiin a prede- 
termined range of values. 

35. The method of daim 34 wherein the sxeps of supply- 
ing first and second regulated voltages to the integrated 
circuit comprise suj^lying the first and second regulated 
voltages to a common node of the integrated drcuit 

36. The method of claim 34 further comprising: 
coupling the first and second regulated voltages to a 

power input of a charge pun^; 
using the charge pump to generate a diarge pump voltage 
having a magnitude that is greater than die magnitude 
of the voltage coupled to the power input of the diarge 
pump; and 

coupling the charge pun^ volta^ to the integrated drcuit 

37. The method of daim 36 furtha oxnprising: 
examining the magnitude of the charge pump voltage; and 
maintaining the power supplied to the integrated circuit 

by the first regulated voltage at a reduced level unless 
the magnitude ci the charge pump voltage is within a 
predetennined range. 



5,757,170 

15 16 

38. The method of claim 34 wherein the step of reducing grated circuit by the first r^ulatcd voltage respoasive to the 

the power supplied to the integrated circuit by the first magnitude of the second regulated voltage exceeding a 

regulated voltage responsive to the magnitude of the second predetennined value, 
regulated voltage being within a predetennined range of 

values comprises reducing the power stq)plied to the inte- » * « * 
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ABSTRACT 



An integrated dicuit includes an N isolation buried layer 
underlying high density and low voltage type P channel and 
N channel transistOTS to define islands of arbitrary voltage on 
the substrate. Thus such transistors, which otherwise are 
capable only of low voltage operation, become capable of 
operating al high voltage relative to the substrate. This 
allows integration, on a single diip, of high voltage circuit 
elements with low voltage and hi|^ density transistors all 
formed by the same fabrication process sequence. In one 
exanq)le this allows creation of an 18 volt range charge 
pump using a OlOS pax>cess which normally im)vides only 
3 volt operating range transistors. This teen allows integra- 
tion on a single integrated circuit chip of a con^lex digital 
logic function such as a UART (universal asynchronous 
receiver and transmitter) with a hig^ voltage function such 
as an RS-232 interfaoe. including integrated capacitors for 
the RS-232 interface charge pump. 

6 Clafans, 9 Drawing Sheets 
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1 2 

HIGH VOLTAGE CHARGE PUMP USING substrate, undcriying both P channel and N channel low 

LOW VOLTAGE TYPE TRANSISTORS voltage type transistors. This isolation layer creates on the 

substrate isolated areas of arbitrary voltages, and thereby 

This plication is a continuation of application Scr. No. allows some of the transistors, which are otherwise of a low 

08/221,602. filed Apr. 1. 1994; now abandoned. 5 voltage ardiitecture. to operate at high voltages relative to a 

potential level of die source region or transistor wdl or 

BACKC»OUND OTTHEINVEOTION iubsHatc. (Il is to be understood that in contrast die gate- 

1. Held of the Invention to-source potential is process related.) These transistors 
This invention relates to integrated circuits and more aQow fabrication on a single integrated circuit oi a charge 

spedlicaOy to a high voltage charge pump drcuit including pump having a high voltage ou^t fabricated by what 

transistors formed by a low voltage CMOS semiconductor otherwise is a low voltage CMOS type process. Thus this 

fabrication process. process is compatible with low voltage logic-type CMOS 

2. Description of the Prior Art transistors fmsed on die same chip and in the same 
ft is well known in the field of integrated circuits to sequence of processing steps. In other words, in accordance 

fabricate field effect transistors cq)able of operating at a high with the invention isolated power/ground P-<hannel and 

voltage. Odicr field effect transistors which are cq>able oi N*channel transistor pairs are fabricated v^di operate at 

(^)erating at only a low voltage have the advantage of a ^ny potential relative to a common substrate, 

hi^cr cqjadlancc and current canying capability per unit ^ comKnalion on a smgle ch^ of such a hi^ voltage 

area. lypicaUy. such low voltage transistors are also adva^ ^^^^ ^ operating at low voltage 

tagcously considerably smaller in terms erf wrfacc area (of comWnalion of a UART (universal asynchronous 

hi^CTdcnsity)andalsoinvoWeshaUowffdiffosionstlmdo 20 ^^^f^^^^^. circuit widi a high voltage RS.232 

me high voltage tamsustors; they are thus easi^ and less J^^tS^ die single ddp. TOs cilal^ 
expensive to fahncate. Most digual logic scnuconductor 

circuits use such low voltage (i.c., 2 to 5 volts sourct>.to-gatc S*?? for wch a hig voltage 

potential)fieldeffecttra^tars.lncontrast,thehigbvol^e ^.^^chiverciradtand 

field effect transistors typicaUy require tiiicte gate oxide, 25 "^^JSPTTi^^^^ ^ 

deeper diffusions, and greater surface area in crdex to 211?^^ > ^^^^ ^^t^f^ ^Z^S^LS^ 

Sand the higher volSges (typicaUy exceeding 5 volts by-products of die basic CMOS low voltage fabrication 

souroe-to^ate potential). The processes to fabricate rc^- process. , wT*typ-3 u 

tivcly low voltage and high voltage field effect transistors This combination of the low vohage UAKT circuit and the 

ftus differ considerably, and in the prior art such high and 30 ^gh voltage RS-232 dnvcr circuit on one miegratcd arciiit 

low voltage transistors cannot be fabricated using the same chq> is exenylary of die adjwitagw trf the invcntoon. m 

series of process st«>s. comfeiniog low voltage CMOS logic circuitry with hi^ 

TTiis becomes a significant limitation when one wants to voltage iqxit^ou^ d^oes on a single chip using cssen- 

comhine in a single ktegrated circuit both a high voltage tiaUy a low voltage 

circuit and a low voltage drcuit In diat case, il is known to 35 ^^"^ fT?^: 

provide a high voltageTow voftage interface as described in CMOS fahncation proofs and adapt it tea high 

STpubuXn "5V.to.75V CMOS Output Interface '^^^'J^ ^^"^^^ 

CiraSts". Dedercq et aL, 1993 IEEE Inteiiational SoUd ^ CMOS logte (low voltage) 1^^ 

S^Circuits Conference, p. 162-163. TOs pubUcation apphcatto^ 

Ascribes combining low cosUowvohagestandaM 40 whcic a 12 volt drcuit is frcqucntty used for carrying data 

logic witfi high voltage CMOS ou^Hit buffers on the same ^^L^F^T ^ . . . , v . 

chip, using a standard unmodified low voltage CMOS pro- TTic use of the isolation buned layer located below both 

ccssing technology and using level shift tediniqucs to meet the N duuind transistors and die PdiaMd ttansi^ in die 

die constraints on the gate control signal voltages. Thus die Wgb voltage 'Islands" provides considerably h^^woA- 

gate-to-sourcc voltage swing of Uic ou^ut devices (which 45 ing voltage than ui die prior ait low voltage CMOS jao- 

aretibe high voltage transist<x:s) are within die safe operating cesses. 

limits of die low voltage transistors. Also in accordance with the invention, dierc is a cascaded 

However, it has been found that diis solution has several ^ iwUvidual diaige pump stages in die charge pump, and 

drawbacks. One is dial die N channel transistors, typicaUy ^ «age indudes die transistws operating at Ugh voltage 

formed in a P well in die semiconductw substrate, are not 50 as described above. This generates, firom a single low 

effectively isolated electricaUy from die substrate. Also, voltage source, an incremental set of ou^ voltages wdi a 

problematically for high voltage P diannel transistors, diero «nge considerably greater dian diat of the mput voltage 

is punditfirough to the substrate. This is because die NweU usuig a switddng network. For mstancc. with a 3 volt input 

is relatively shallow beneadi die P-field drain region in voltage it is possible widi 5 charge pump stages to provide 

accordanoewididielowvoltagef8bricationteduiique.This « a 4^ volt/-9 volt range. Eadidiaigcpuixj) stage has ite own 

limitsdievoltagetfiatdiePdianttdtransistorscanwitiistand circuits completely isolated by die isolation lay« m die 

(Lc. to bdow 30 V). semiconductor substrate. 

Therefore, dieie is a need to combine hi^ density low BRIEF DESCRIPTION OF THE DRAWINGS 

voltage standard CMOS logic transistors with CMOS txan- ^ ^^ows a prior art circuit including a UAKT chip 

sisters operating at high voltage on die same dup and «o ^ ^ ^ j^5_232 driver chip. 

% ^ y^^??' ^J?^^^'^!^:^ FIG- 2 shows a pcrtion of a semiconductor substrate 

die drawbacks of die techmque of the above^referenced accordance with the invenUon an 

pubUcation. N-isolation layer under MOS transistors. 

SUMMARY OF THE INVENTION ^ FIG. 3 shows use of die transistiHS of FIGS. 4a and 4b, 

In acoordanoe widi the invention, an N type buried doped FIG. 4a shows an N channel high voltage transistor with 

dectrteal isolation layer is formed ui a integrafftd drcuit the N isolation layer: 
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FIG. 4b shows a Pdiannel high voltage traasistor with the 
N isolation layer 

FIG. 5o shows a charge pump cell. 

FIG. Sh shows timing for the cell of FIG. So. ^ 

FIG. 6 shows a c ascaded chaige pump. 

FIG. 7 shows a high voltage driva and level shift circuit 

FIG. 8 shows a capacitor structure. 

FIG. 9 shows a cross section of a semiconductor structure 
in accordance with the present invention. 

DETAILED DESOUFTION OF THE 
INVENTIGN 

FIG. 1 shows a prior art circuit combining (1) a UAKT 
chip !• (e.g. National Semiconductor part number 
PC16SS0) wfaidi operates as shown, typically at +S volts 
CMOS/TTL voltage levels connected to (2) an RS-232 
drivecAreceiver chip 14 (e.g. National Semiconductor part 
number DS14C335) which opeiates internally at high volt- ^ 
ages. The signal lines between die UART 10 and RS-232 
driver 14 are shown, conventionally labdedTXD. RXD. fStc. 
Also included in this circuit is conventional power manage- 
ment controller ch^ 16 (e.g. National Semiconductor part 
nuittber COP8888). The fonctionaUty and structure of each ^ 
of these parts is known in the art In this prior art the UART 
10 and RS-232 driver 14 of necessity are on separate chQ>s. 
Although the RS-232 driver 14 is shown as q)eniting at +33 
volts, in fact it requires typically an internal voltage siq)ply 
of 4^ volts to -9 volts to drive the signals to the RS-232 ^ 
connector 18. whidi as shown connects to an RS-232 cable 
and to typically digital comnmnication equipment (DCE) for 
use eg. in a conaputer networiL 

Tlie driver drcuitty in the RS-232 driver 14 provides a 
translation from the TTL/CMOS voltage leveb to the 35 
RS-232 driver output voltage levels at 3 J vott& Hie receiver 
portion of Ghq> 14 accepts standard RS-232 input voltage 
levels and translates them back to TTL/CMOS compatible 
output voltage levels for input to UART chip 10. 

In accordance with the invention, the circuitry of these 40 
two chips 10, 14 plus some external components 
(capadtofs) is combined onto a single chip, saving both 
space and power, making this single diip ideal for use in 
portable applications such as a notdwok oonqiuter. The 
method and structure by whtdi this cxen^iiaiy OQDsbination 43 
of transistors operating at high and low voltages is fonned 
on a single cl4> sre disclosed hereinafter. 

This combination is achkved using an N type doped 
isolation buried layer fonned in the chip substrate. Such an 
isolation layer is known for use in low voltage CMOS so 
dxcuttry. See for instance 'Characteristics of a New Isolated 
p. Well Stnicone Using Thin Ejpitaxy Over the Buried Layer 
and IVencfa Isolation**, Okazaki et at, IEEE Transactions on 
Electron Devices. VoL 39. No. 12. December 1992, pp. 
2758-2764. This publication describes using an N4 buried 35 
layer on top of which is grown an N type qntaxial layer in 
which is formed the active poations of the transistors. In the 
prior art. such isolation layers typically isolate P wells so as 
to reduce cross talk, in order to pn>vide general isolation of 
tiie P wells on an N well CMOS fabrication process, ft is 60 
believed that such an isolation layer has not been used in the 
prior art in the context of fabricating transistors enable of 
operating at arbitrary voltage levels. That is, tiie prior art use 
was for logic-type CMOS transistors, typically operating at 
3 volts or less (fiffcrcntial between the <bain and the source 63 
or well or substrate (tf the transistors, but where isolation 
from a high voltage portion of the cfaq> was not involved. 
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FIG. 2 shows in accodance with the invention use of the 
N isolation buried layer beneath MOS P channel and N 
chaxmd transistor pairs, in order to create completely iso- 
lated circuits. In aocoffdance with the invention diis isolation 
is used for the RS-232 drivcrAJART interface. As described 
above, the RS-232 driver requires that -9 volts be switched 
on cfaq> to volts, meaning tliat the P- substrate is 
connected to a negative 9 volt potential. Unaccq)Cable back 
bias would occur on the UART N channel transistors, 
resulting in high threshold voltage and performance 
degradation, without tliis N-isolation. Also, as described in 
detail below, multiple V^^,, (power/ground) voltage levels 
arc used to partition the ^ volt/-9 volt supply range into 
nominally 3 volt increments so that an optimized CMOS 
fabrication process i<x 3.3 volt transistors can be used in the 
charge pump circuitry. 

As shown in FIG. Z N isolation layer 32o. 32fr which is 
a buried layer formed on a P- doped substrate 36, provides 
isolated power and ground for the various islands (groups) 
of transistors shown for a portion of the UART. Substrate 30 
is biased to -9 voUs as shown. The first portion 32a of the 
N-isolation layer isolates two transistors associated with the 
UART. one fanned in N doped well (tub) 34a and the second 
fomoed in P doped well 36a. The first transistor in N well 
34a includes P+ doped source r^on 4<^, P+ doped drain 
region 42a. and conductive gate electrode 52a. The respec- 
tive contacts are labelled S. D. and G. Also shown is 
conventional N well contact region 38a which is N+ doped 
and connected to a low voltage e.g. 33 volts (nominally 
3 volts). 

A second transistor formed in the P well 36a with reversed 
conductivity types includes N-i- doped drain region 44a, N+ 
doped source r^on 46ia, gate declrode 54a. P+ doped 
source region 46a , and P+ doped P well contact region 48a 
connected lo V„ which is ground (0 volts). Structures 6Qa. 
.... 60t are the conventional field oxide regions; the 
conventional gate oxide layer is not illustrated, for simplic- 
ity. 

On the right hand side, an identical set of transistors for 
the RS-232 driver is shown with corresponding reference 
numbers but having tiie ''b'* suffix. On the rig^t hand side 
ov^ying the N isolation layer 326. the N well contact 
region 386 is connected to the RS-232 driver voltage 
(49 volts) and the P well contact region 486 is connected to 
tiie RS-232 driver voltage V„ (-^ volts). Thus the left hand 
side represents the transistors operating at low voltage and 
the right hand rqresents ttie transistors operating at high 
voltage, as described above. Hiis isolation effect is achieved 
by the N isolation layers 32a. 326. 

FIGS. 4a and 46 iUustrate isolated high voltage transistors 
differing somewhat from those of FIG. 2. An application of 
the transistors of FIGS. 4a and 46 is shown in FIG. 3. An 
input signal of 0 to 30 volts is ^Ued at input node 56 to the 
source tenninal of transistor 58. the gate tenninal of ^ch 
is cotmected to supply voltage V„ of S volts. Node A 
charges to V^-Vt^ (where Vt,^ is the transistor threshold 
voh^e). V^~V^5 V-0.7 V=43 V at node A for the 
isolated transistors of FIGS. 4a aixl 46. In contrast for a 
fvior art non-isolated transistor, the value of V^-V^ =5 
V-2 Vs3 V at node A. Thus die 43 V signal is a better logic 
(*1iigh")dianlsthepriorait3y.The4.3 Vrignalindus 
example is an input sig^ to Sdunitt trigger 59. 

FIG. 4a shows how the above described N isolation 
buried layer and a low voltage CMOS process N weU 
transistor are combined to create a completely isolated N 
channel transistor capable of operating at arbitrary (e.g. 
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hig^) voltages relative to the substrate, and here referred to 
for coDvenience as a *1ugh voltage transistor". The transis- 
tors of FIGS. 4a and 4b hence illustrate anottier use of the 
N isolation layer Co create transistors capable of operating at 
such aibitraiy voltages relative to the substrate. This struc- 
ture as in FIG. 4a includes substrate 60 which is doped P+ 
and biased in operation to -9 V. Qvetlying P+ substrate 60 
is P- epitaxial layer 61. Id the central portion of P- epitaxial 
layer 61 the N 6optd isolation C'N-ISO**) buried layer 62a 
is formed. Overlying layer 62a is P- doped well 64 which 
is laterally isolated by N- doped wells 66a, 66^. Fbnned on 
the upper p(»tion of epitaxial layer 61 is P+ doped body 
region 68. N+ doped source region 70. and N+ doped drain 
region 72. Overlying the inincipal surface of the structure is 
conventional doped polysiiicoo gate electrode 74. ^ch is 
isolated by a conventional Oow voltage) relatively thin gate 
oxide layer (not shown). Also formed in N-weU 66a is a 
conventional N-well N+ doped contact region 76. Also 
shown are field oxide regions 8(ki. 80fr. 80c, Wd and 80e. 

The corresponding P channel high voltage transistor 
shown in FIG. 4b (also fonned on substrate 60 and using die 
same set of process steps as the transistor of FIG. 4a) 
includes the N-is<^ation layer €2b used in combination with 
a P well transistor. This transistor solves a problem with 
prior art P well transistors* namely the pn^lematic low 
breakdown voltage between the P4- doped drain region 88 
and the P- doped epitaxial layer 61. Also shown are N- 
doped wells 84a, 94b. Pf doped source region 86. P- doped 
well 90. gate electrode 92. N+ doped N-well contact regions 
94a, 94b, and field oxide r^ons 80/ 80g. 80A, 80j. and 80/ 

FIG. 5a shows a drcuit cell (stage) for a charge pump 
which attains the vdtage levels needed for the RS-232 
driver circuit described above. This drcuit is similar to that 
of the cascaded charge puiiq> whidi is in the National 
Semiconductor RS-232 driver circuit (part numbor 
DS14C33S). in that initially (he bottom jdate of pump 
capacitor 100 is charged up to 33 volts while the top plate 
is at 0 volts. Then the top plate is disconnected and the 
bottom plate (towards the icfwa pait of die drawing) is 
charged up an additional 3.3 volts, resulting in a potenti^ of 
6.6 volts between die top and bottom plates. Transistors 104 
and 106 are N channel transisUn^. and transistors 102 and 
108 are P channel transistors. Transistors 102. 104, 106, 108 
act as switdtes operated respectivdy by clock signals ^i^, 
^2A* ^ to connect/disconnect the top and bottom plates 
of capacitor 100. The size (length by width) the gate 
dectrode of each transistor is shown (in pm) by the numerals 
adjacent each transistor symbol. 

Parasitic Schottky diodes 110a. UOfr. 112a. Ulb are used 
for the punq) stage startup period, since the dock signals 
^lA' ^iB' <^2A« ^2s operating to pun^) die pu^^> stage to die 
next higher vdtage levd (and which are respectivdy pulses 
varying between 6 volts and 3 volts and 3 volts and 0 volts), 
are not available until the pump capadtor 100 charges up. 
Hius transistors 104 and 108 will not be operating as 
switches during the startup period. During the startup period, 
the action of Schottlgr diodes 110a and 112a bypasses the 
switdung action of respective transistors 104 and 108. 
Similarly, diodes 1106, U2b bypass respective transistcxs 
102. lOiS. The (^Kration d the diarge pump is diat the 
supply vdtagcs V+=0 (at 33 volts) and V- (0 volts) result 
in an output vdtage V-h- of 6.6 volts. The dock signals 
^10. ^2A* ^ ^ provided by an e.g. on-chip oscillator (not 
shown here and desoibed in more detail below) operating 
f<x example at a frequency of q)proximately 50 MHz and a 
50% duty cycle. 

Thus advantageously die charge pump st^e of FIG. 5a is 
in effect a self-contained (isolated) entity operating within 
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its own particular nominal 3 volt pun^ increment. The 
transistors 102. 104. 106 and 1<K. being of the low voltage 
type are advantageously fabricated using a fine line ie. 0.5 
micron (pm) process, thus being rdativdy small in size and 

s hence economical of ch^> surface area. This is in contrast to 
the prior art high voltage charge pump transistors in the 
RS-232 driver chip of FIG. 1 whidi are typically of flie size 
10.000 Mm by 4 ^m. 
The chaige pun^ cell of FIG. 5 operates in two phases. 

10 with the clock signals <(>|^, <>|^ operating from 3 volts to 6 
voUs and the dock signals operating from 0 volts 

to 3 volts. In die first phase dock signals. <>|^ 624* ^is 
are high so that transistor 104 is on. which means that the 
upper plate of transistcH 100 is connected to node V<(- (33 

13 volts). Since dock signals 0x4. ^ are also high, diis 
connects the lower plate d capacitor 100 to node V- (0 
volts). 

In die second phase, clock signals <t)i^ (>2^. 
low. Thus in the second phase transistor 102 is on, oonnect- 

^ ing the uppei plate of capacitor 100 to node V-H- and 
similariy with dock signals ^ low, the lower plate of 
capadtor 100 is connected to node V-i-. 
The timing relationships between dock signals and 

^ <|>i^, and between and <|>2A are illustrated in FIG. 56. with 
the horizontal axis bdng time, and the vertical axis being 
signal amplitude. 

In the diarge pun^ cell of FIG. 5a. the value of capadt<H' 
100 is determined as being a capacitance equal to the current 
divided by the change of voUage with respecX to time. In this 
example the current (a function of the dock speed and 
capacitor 100 value) is a useful level of 10 millian:^. and 
the change in voltage is 0.2 volts per 20 nanoseconds 
(conesponding to 50 MHz clock frequency). Thus the 

35 capacitance is 1,0(X) pF. To determine the size of a semi- 
conductor capadtor structure providing diis capadty, given 
a capadtanoe of gate oxide of 3.1 pF per ^m^, one requires 
3x10' pa? (465 square mik) to provide the required 1000 
pF. 

40 FIG. 6 shows an embodiment of a cascaded charge punq). 

in tfiis case using five duvge pump stages 140 148. 

Each charge pansp stage has die diree ou^xit teiminals as in 
FIG. &, again labded V-t- and V-H-, In this example 
each stage provides a nominal 3 volt chaige pump increment 

45 (understood to actually be, as in FIG. 5a, die 3.3 voh 
inaement provided by die CMOS transistors of the type 
shown in FIG. 2). It is to be understood that die number of 
stages is dependent on the ou^t voltage to be achieved, and 
charge piaap stages can readily be added, up to the break- 

50 down voltage of the isolation regions (Le., ±20 V relative to 
the substrate). Thus fo£ FIG. 6 the output voltage range is 
nominally from -9 volts at node 150 (also designated node 
"Y^) to +9 volts at node 162 (also designated node *X*), 
with intermediate nominal voltages of -6 volts, -3 volts, 0 

55 volts. -f3 volts and +6 volts respectivdy at nodes 152, 154. 
156, 158, and 160. In this case it is desired to provide output 
voltages of other than the maximum and minimum. Hius a 
switdung network shown here as a set of logic sdector 
elements (each having a switdung function) 170, 172. 174, 

M 176, 178 and 180 is provided to switch between each pair of 
voltages, ie. logic dement 180 switches between nominal 
ou^Nit voltage 9 volts at node 162 and a nominal 6 volts at 
node 160. 

As shown (only partly for simplicity), the ou^ signal of 
65 logic dement 180 is fed back as the (>i (actually ^^J^, ^^g) 
clock signal in order to drive die pun^ stage 148. wtule the 
output signal of logic element 178 is fed bade as the ^ 
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(actually ^^b ) signal to also drive pump stage tiooally exposed using a first N isolation layo: clear field 

148. Thus each logic element 170 180 includes mask to define the extent of a first N isolation layer. 

appn^riate internal logic such as a set of ring oscillators and 4. Afto- the exposed photoresist is developed, a nitride 

associated flip-flops to provide the non-overlapped clock through the exposed portion of the pad 

signals <|>|^. <t>j^, of FIG. Sb. (The rcmMnmg 5 nitride layer, exposing a potion of the pad oxide. 

fed-back clock sienals are omitted from FIG. 6 for . . , . r 

li ^ ^ V ^ P-type iiiq)lant is made of boron at a concentration of 

age combinations of transistors ^^aibtd above, separated non-isohited portions of the resultmg snructurc. 

by the nominal 3 volt increments, has its own circuits 6. Oxide is sekctively grown over the principal surface to 

completely isolated tyy the isoiatioo layer of FIG. 2. a thickness of 2500 A on part of the surface; on remaining 

FIG. 7 is an exanqde of combined high voltage output and pcHtions of the surface (those not exposed to previous 

level shifter circuitry using voltages supplied by the charge iiiq>]anting) the oxide grows to a lesser thickness, 

pump circuitry and using the high voltage transistors in 7. The remaining portions of the pad nitride layer are 

accordance with the invention. A signal to be output is conventionally strqiped. 

provided to conventional buffer 213. the output of which is g ^ isolation layei Inmlant Is made of arsenic at 

connected to the gate of eadi of high voh^e N^ii^mnel ^ concentration of 2E13 at an energy of 180 kV. 

teansistor 2l4a and P-<*annel transistors 215<j, bodi of the o tk* u u^i^ti^ ua^^m^ ;« .# 1 f¥W» r 

type illustrated in FIG. 2. TVansistors 214a, 214i> in comW- » ^ J^,^ ^ ""P^^^^ » ^ C. 

for 20 minutes. 



nation with resistors Rl. RZ R3. R4 arc the level shifter. 



Additionally, hig^ voltage P-channel transistor 215fc and A back seal oxide layer is grown conventionally over 

N-channel transistcc 214fr, also of the type shown in FIG. Z both the principal surface and backside of the substrate, to 

provide the high voltage output to node 216. Hie high » thickness of 2.000 A. 

voltage (V+) node X oozre^nds to node X (ref. no. 162) in ^ II- A back seal nitride dq)osition fwms a layer of nitride 

no. 6; the low voltage (V-) node Yooiresponds to node Y l.»50 A thick over both the principal surface and Ac 

(ref. no. 150) in FIG. 6. backside surface of the subsdiate. 

A polysilicon/N- doped region stracture f<x capadttx 100 12. The back seal nitride layer on die principal surface is 

of FIG. Sa is shown in cross section in FIG. 8. F<Hined in P~ blanket etched. 

doped ^itaxial layer 61 on substrate 6# is an N- doped well ^ 13. The back seal oxide layer on the principal surface is 

220 over which is fooncd (with an intermediate gate oxide also blanket etched. 

layer, not shown), a polysilicon doped conductive electrode 14 epitaxial layer is grown to a thickness of 1.5 Mm 

224 to which is connected one lead of the capacitor, with the ova* the principal surface, having a conductivity of 3.5 

second lead being connected to the N+ doped region 226. ohm>centimeter due to arsenic present in the epitaxial layer. 

It is to be appreciated that in die charge pump of FIG. Sa, The following steps 15 flirough 27 essentially rq>licate 

capacitor 100 (the semiconductor structure illustrated in previous steps 1-13, except fat different dosage and energy 

FIG. 8) is formed on the same substrate 60 as are the levels for the P and N type implants. Steps 15 through 27 

remainder of the circuit elements (ie.. capacitor 100 is an fonn separation lay^ and step 28 foons a second qiitaxial 

on-chip capacitor). Ttiis is in contrast to die prior art where ^ i^^c on the first epitaxial layer. 

typicaUy external (off-chip) capacitors are needed for such a 15^ ^ second pad ojdde layer 250 A thick is ^own over 

charge puno^ to provide the necessary capacitance. the surface of the first epitaxial layer. 

However, here it is poss&le to use an integrated circuit (on ^ ^ ^„ 1 150 A diick is deposited 

chip) capacitor because the circuit, due to its relatively small ^ second pad oxide laya. 

CMOS feature size, is aq>ah!e of opeiating at very high 17. A second NmasKiigsIro using photofcsist defines the 

frequency, and also because die tiiin gate oxide typical of ^ili m m«bSS 1^ 

low voltage transistors permits a thin dielectric layor (hence ^^JZ. ^^^^.^^ t ' . ^ c 

having ahigh dielectiTconstant) in die capadtor. TTius 18. The second pad mtiide layer is to cx^ 

using for instance a 100 A thick gate oxide layer as the the second pad oxide layer etch. 

dielectric layer in the capacitor and q)erating the capacitor „ A ^ m^lam is made of boron at a 

at 50 MHz substantiaUy increases die available capadtance * conoertralion of 2E13 at 90 kV to foim a P separation layer 

over that of a jwot art integrated circuit capadtor. adjacent to the N separation layer. 

A iffocess for forming respectively the transistors of » A «««jd|7er of oxide is selectively grown to a 

HGS. 2, 4a. 46 and die c^tc^ of HG. 8 is described thidmcss of 2500 A over the pnnapal surfecc as m step 

hereinafter. It is to be understood that ttiis is merely one 2 t The remaining portions of the second pad nittidebyer 

exanqde ci a process for forming these structures, and benoe ^re strqiped. 

is illustrative and not limiting. 22. A second N layer implant is made of arsenic at a 

The following steps 1-37 describe the process flow to concentration of 6E15, at 75 kV for the N sqnration laycn 

fonn die N isoiatioo layer and the assodaiedN and P wells, 23. The second N layer is driven at 1000^ C. for 20 

as well as an intervening sqnration layers. ^ minutes. 

1. A conventional silicon wafer substrate whidi is Ugbtiy 24. A second back seal oxide layer is grown to a thickness 
P doped is provided. A pad oxide layer 250 A dtick is of 2.000 A 

conventionally grown on the prindpal surface thereof. 25. A seccmd back seal nitride layer is depostCed to a 

2. A pad nitride layer 1150 A thick is formed on die pad Uuckness of 1.850 A. 

oxide layer. 65 26. The princqnl surface nitride layer is Irfankct ctdied. 

3. A first N isolation photoresist layer is deposited over the 27. The second prindpal surface oxide laya is blanket 
pad nitride layer, and then ttiis photoresist layer is conven- etdied. 
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28. A second epitaxial layer is grown over the first 
qntaxial layer to a thickness of 1.87 ^m. and dosed with 
arsenic to a conductivity of 4 ohms-centimeter. 

The fdiowing subsequent steps form the N and P wells, 
as shown in FIGS. 2. 4z. and 46. ^ 

29. A twin well pad oxide layer is grown to a diickness of 
450 A over the principal surface. 

30. A twin well nitride layer is deposited to a thickness of 
1350 A over the twin well pad oxide. 

31 A twin well mask stq> takes place using a dark field 
mask to oonveotionally pattern a photoiesist layer to define 
the extent of the N and P wells. 

3Z Hie twin weU nitride layer is etdied. 

33. An N well implant takes place through the etched 
nitride layer, implanting phosphorous at a concentration of 
7.3E12 at 80 kV. 

34. Oxide is selectively grown to a thickness of 5.600 A 
over die principal surface. ^ 

35. The remaining portions of the twin well layer oittide 
are stripped. 

36. A P well implant is made of boron at a concentration 
<rf3.1E12at50kV. 

37. A twin well drive-in stq> drives in the N well and P 25 
well implants; this drive-in is such that it also grows a thin 
oxide layer of 160 A diickness. 

The resulting structure is shown in FIG. 9. differing 
somewhat from that of FIGS. 2 or 42. 46 by including the 
first P doped layer 246 underlying non-isolated pntions of ^ 
die structure. Substrate 240 and first epitaxial layer 242 ate 
conventional. N isolation layer 244 and first P layer 246 
underly respectively the isolated and non-isolated portions 
of the structure. N well 252a is an isolation ring; P well 254a 
is an isolated P wdl; N well 2526 is an isolated N well; P 
well 2546 and N well 252c are not isolated. N separation 
layers 248a. 2486. and 248c prevent out-difiiision oi under- 
lying dopant into the overlying N wells, while P sq)aration 
layers 250a« 2506 invent out-diffusion of underiying 
dopant into die ovedyingP wells. That is. the P and Nd(^}ed ^ 
separation layers provide counter doping. 

The remaining steps (not described in detail) are a con- 
ventional CMOS process to form die active postions of the 
transist<7s. These steps are well known in the ait and will be 
apparent to one of ordinary skill in die art in view oi the 
conq>lcted structures of FIGS. 2, 3. 4a. 46 as well as FIG. 8 
and hence are not further described. 
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The above descrqition is illustrative and not limiting; 
further modifications will be apparent to one skilled in the 
art in light of the above desor^tion and are intended to be 
encompassed widiin the scope of the appended claims. 

We claim: 

1. An integrated circuit. con^>rising: 

a semiconductor substrate having a principal surface and 

doped to have a first conductivity type; 
a plurality of transistors fonned in the substrate in isolated 
areas of aibitnry voltages, each transistor comprising: 
a source and drain cegion spaced apart in the substrate and 
each extending to the principal surface, each doped to 
have die first conductivity type and eadi formed in a 
well region of a second conductivity type; 
a gate electrode overlying die principal surface between 
the source and drain regions; and 
an isolation layer doped to have the second conductiv- 
ity type, fonned in die substrate and underiying the 
source, drain, well region and gate electrode and 
^oed ^art from die source and drain regions and 
from a backside surface of the substrate; 
wherein the well region of a first of the transistors is 
connected to a supply voltage of +3 J volts, and the 
well region of a second of die transistors is con- 
nected to a siq>ply voltage of -^9 volts, and the 
substrate is connected to a negative voltage supply. 

2. The integrated circuit of claim 1. the well region of each 
transistor extending from the piincq>al surface towards the 
isolation layer and laterally smrounding die source region. 

3. The integrated circuit of claim 1. the well region of each 
transistor extending frx>m the principal surface towards the 
isolation layer and laterally surrounding the drain region and 
source region. 

4. The integrated cixctiit of claim 3. at least one of the 
transistors further coaq>rising: 

a separation layer doped to have the second conductivity 
type and extending between die isolation layer and die 
well region. 

5. The integrated circuit of claim 1. further comprising a 
third transistor formed in the substrate in an isolated area of 
arbitrary voltage and connected to an intennediate supply 
voltage of about -k6 volts. 

6. The integrated circuit (tf claim 1« iKlierein the negative 
supply voltage is about -9 volts. 
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[57] ABSTRACT 

A charge pump for increasing the value of an input voltage 
includes a plurality of serially coupled charge pump stages, 
wherein each charge pump stage includes a P-channel pass 
transistor coupled to a first end of a capacitor. The gates of 
the P-channel pass transistors and the second ends of the 
capacitors in odd-numbered charge pump stages receive a 
first phase clock signal, and the gates of the pass transistors 
and the second ends of the capacitors in even-numbered 
charge pump stages receive a second phase clock signal, 
except that the second end of the capacitor in the last charge 
pump stage is coupled to ground. To increase the value of the 
capacitors in an integrated circuit embodiment all of the 
capacitors, except for the capacitor in the last stage, are 
ideally ferroelectric capacitors. In a preferred embodiment, 
the charge pump is one component in a regulated charge 
pump system that also includes a voltage regulator and a 
controlled oscillator. In operation, the voltage regulator 
determines whether the boosted output voltage is greater or 
less than a predetermined target output voltage and accord- 
ingly selectively controls the operation of the oscillator. In 
turn, the charge pump is enabled to selectively charge pump 
the input voltage to provide a boosted output vohage if the 
boosted output voltage is less than a predetermined low 
target output voltage. Charge pumping is disabled if the 
boosted output voltage is greater than a predetermined high 
target output voltage. 

22 Claims, 8 Drawing Sheets 



(36A 



VI 01 



VI 



V201 



48 



\ 57A 



44A 



-36B 



V102 



46B 



f-36C 



'36D 



V101 



44C 



V102 46D 



36E 

V 



40A i 



V2 



42A 



\ 3dB 

4^ 



V302 



58A- 



V 



44 



V101 



46 

V102 



578 
598^ 



^428 



408 
V3 



38C 

■It 



V401 



52 



57C 



40C 
V4 



42C 



V502 



\ 

SBC'-' 



I 57D 



54 



\38D 

^42D 



40D 
V5 



40E 
38E^ 

) 



V601 



57E 




V& V 
>-42E 



59E- 



58E' 



588' 



58D 



U.S. Patent Mar. 30, 1999 



Sheet 4 of 8 5,889,428 




U.S. Patent 



Mar. 30, 1999 



Sheet 5 of 8 



5,889,428 




U.S. Patent Mar. 30, 1999 



Sheet 6 of 8 



5,889,428 




U.S. Patent Mar. 30, 1999 sheet 7 of 8 



5,889,428 




U.S. Patent 



Mar. 30, 1999 



Sheet 8 of 8 



5,889,428 




5,889,428 

1 2 

LOW LOSS, REGULATED CHARGE PUMP minimmn number of charge pump stages to attain the 

WITH INTEGRATED FERROELECTRIC desired output voltage. 
CAPACITORS 

BACKGROUND OF THE INVENTION ^^^^^ ™^ INVENTION 

niis invention relates generaUy to charge pumps. More ^ p therefore an object of the present invention to 

particularly, the present invention relates to integrated cir- ^[^l^^g^ '^^^'^ the output of a charge pump to a value not 

cuit charge pumps having low voltage loss per stage and dependent upon an mteger multiple of the mput voltage, or 

having a voltage regulated output. ^° ^°P"^ 

A prior art charge pump 10 is shown in HG. 1 for ^^J^ a°?^b^er object of the invention to minimize the 

"pumping" a low voltage input into a higher voltage output, °u°»ber of charge pump stages needed and increase the 

which can be, and usually is, higher than any external ^^^^^^U efficiency of the charge pump by decreasing the 

voltage supply available to an integrated circuit containing voltage loss in each charge pump stage, 

the charge pump. Charge pump 10 includes a chain of It is another object of the invention to minimize the die 

serially-connected diodes 12 in which the cathode of a diode size of an integrated circuit charge pump. 

12 in the chain is coupled to the anode of a next diode 12 in It is an advantage of the invention that it is easily 

the chain. The anode of a first diode 12 in the chain forms fabricated on an integrated circuit, with few or no external 

the voltage input, Vin, at node 26, and the cathode of a last devices required. 

diode 12 in the chain forms the voltage output, Vout, at node According to the present invention a charge pump for 
29. Output node 29 is terminated with a capacitor 17, which 20 increasing the value of an input voltage includes a plurality 
is in turn coupled to ground. The cathodes of odd-numbered of serially coupled charge pump stages, wherein each charge 
diodes 12 are coupled via parallel-connected capacitors 14 pump stage includes a P-channel pass transistor coupled to 
to bus 18. Bus 18 provides a first phase clock signal a first end of a capacitor. The gates of the P-channel pass 
designated PHI. The cathodes of even-numbered diodes 12 transistors and the second ends of the capacitors in odd- 
are coupled via parallel-connected capacitors 16 to bus 20. 25 numbered charge pump stages receive a first phase clock 
Bus 20 provides a second phase clock signal designated signal, and the gates of the pass transistors and the second 
PH2, wherein the first and second phase clocks signals are ends of the capacitors in even-numbered charge pump stages 
180 degrees out of phase, or "antiphase". The first and receive a second phase clock signal, except that the second 
second phase clock signals can be provided directly, or end of the capacitor in the last charge pump stage is coupled 
through a single oscillator input designated "oscin" at node 3Q to ground. The peak value of the clock signal voltage applied 
28. The two phase clock signals are then provided by the to the gates of the pass transistor in a charge pump stage 
outputs of serially-connected inverters 22 and 24. The increases with each successive charge pump stage and is 
combination of a diode 12 with either a capacitor 14 or 16 approximately equal to the voltage at the output of the stage, 
forms a single charge pump stage. in this manner, the P-channel transistor in each charge pump 

The two clocks signals PHI and PH2 have equal peak 35 is completely turned off during alternate charge pump cycles 

voltage amplitudes and are capacitively coupled to alternate so that accumulated charge is not lost. Additionally, the first 

cathode nodes along the diode chain. Charge pump 10 and second phase clock signals for driving the capacitors in 

operates in a manner similar to a bucket-brigade delay line, the charge pump stages are non-overlapping, which also 

by pumping packets of charge along the diode chain as the prevents the loss of accumulated charge. The peak value of 

coupling capacitors 14 and 16 are successively charged and 40 the clock signal voltage applied to the second ends of each 

discharged during each half of the clock cycle. Unlike the of the capacitors is approximately equal to the voltage on the 

bucket-brigade delay line, however, the voltages in the diode charge pump input node. To increase the value and minimize 

chain are not reset after each pumping cycle so that the the area of the capacitors in an integrated circuit 

average node potentials increase progressively from the embodiment, all of the capacitors are ideally ferroelectric 

input to the output of the diode chain. The output voltage at 45 capacitors. To further reduce die size, the last capacitor can 

node 29 will exhibit some ripple determined by the value of be external to the integrated circuit charge pump, 

output capacitor 17, the voltage magnitude of the clock The charge pump further includes circuitry for providing 

signals PHI and PH2, as well as other factors. the P-channel transistor gate voltages. This circuitry 

While charge pump 10 can be fabricated on an integrated includes a first plurality of serially coupled buffer stages 

circuit if desired, the output voltage at node 29 is unregu- 50 associated with odd-numbered charge pump stages, the 

lated and is therefore limited to an integer multiple of the output of a buffer stage providing the voltage to the gate of 

input voltage in the typical circuit configuration. The output the pass transistor in the respective charge pump stage, and 

voltage at node 29 also varies as a function of the input the input of a first buffer stage receiving the first phase clock 

voltage range. Further, since diodes 12 are used in the charge signal voltage. A second plurality of serially coupled buffer 

pump stages, the efficiency of the charge pump for low iiq)ut 55 stages is associated with even-numbered charge pump 

voltages is compromised since a portion of the voltage stages, the output of a buffer stage providing the voltage to 

increase attained with each charge pump stage is dissipated the gate of the pass transistor in the respective charge pump 

by the forward voltage drop ("V^^") of each diode 12. If a stage, and the input of a first buffer stage receiving the 

large increase in voltage is required, a corresponding large second phase clock signal voltage. Ideally, the buffer stages 

number of charge pump stages are required because of the 60 each comprise a first inverter stage serially coupled to a 

inherent loss of voltage due to the Vg^ loss in each stage. second inverter stage, wherein the power terminal of the first 

Finally, while charge pump 10 can be technically fabricated inverter stage is coupled to the input of the respective charge 

on an integrated circuit, the die size is likely to be uneco- pump stage, and the power terminal of the second inverter 

nomically large because of the corresponding large size of stage is coupled to the output of the respective charge pump 

typically used integrated silicon dioxide capacitors. 65 stage. Ideally, the charge pump also includes diode circuitry 

What is desired is an improved integrated circuit charge coupled to the input of the first charge pump stage for 

pump having a regulated output that is efficient and has a initializing the output of each of the charge pump stages. 
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In a preferred embodiment, the charge pump is one 
component in a regulated charge pump system including a 
voltage input node and a voltage output node. The input of 
the charge pump is coupled to the voltage input node, and 
the output of the charge pump is coupled to the voltage 
output node. The charge pump further includes an oscillator 
input for receiving a single oscillator signal which is inter- 
nally converted into the two anti-phase clock signals. When 
an oscillator signal is received on this input, charge pumping 
begins and the output signal is boosted within a few clock 
cycles. When the oscillator signal is removed, the output 
voltage of the charge pump gradually decays due to circuit 
current requirements, circuit loading, and parasitic leakage 
currents. A voltage regulator has an input coupled to the 
voltage output node and a control output for providing a 
signal indicative of whether the charge pump output voltage 
is above or below a desired output voltage, modified by a 
preset internal hysteresis range. An oscillator has a power 
terminal coupled to the voltage input node, a control input 
coupled to the voltage regulator control output, and an 
output coupled to the oscillator input of the charge pump. In 
operation, the voltage regulator determines whether the 
boosted output voltage is greater or less than a predeter- 
mined target output voltage and accordingly selectively 
controls the operation of the oscillator. In turn, the charge 
pump is enabled to selectively charge pump the input 
voltage to provide a boosted output voltage if the boosted 
output voltage is less than a predetermined low target output 
voltage. Charge pumping is disabled if the boosted output 
voltage is greater than a predetermined high target output 
voltage. 

The foregoing and other objects, features and advantages 
of the invention will become more readily apparent from the 
following detailed description of a preferred embodiment of 
the invention which proceeds with reference to the accom- 
panying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic diagram of a prior art charge ptunp 
circuit; 

FIG. 2 is a schematic diagram of a charge pump circuit 
according to the present invention; 

FIG. 3 is a block diagram of a voltage regulated charge 
pump system according to the present invention including a 
charge pump, an oscillator, and a voltage regulator; 

RG. 4 is a detailed schematic diagram for the charge 
pump circuit shown in block diagram form in FIG. 3; 

FIG. 5 is a timing diagram associated with certain nodes 
of the charge pump shown in FIG. 4; 

FIG. 6 is a detailed schematic diagram for the oscillator 
circuit shown in block diagram form in FIG. 3; 

FIG. 7 is a detailed schematic diagram for the voltage 
regulator circuit shown in block diagram form in FIG. 3; and 

FIG. 8 is a timing diagram for the charge pump system 
shown in FIG. 3. 

DETAILED DESCRIPTION 

Referring now to FIG. 2, a charge pump 30 includes a 
charge pimip input node 32 for receiving a low voltage. A 
charge pump output node 34 supplies a boosted voltage, 
which can be higher than available power supply voltages. 
Charge pump 30 includes a plurality of serially coupled 
charge pump stages 36A through 36E. Although five such 
stages are shown, any number greater than one can be used 
in charge pump 30, depending upon the desired output 
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voltage required at node 34. The input of charge pump stage 
36A forms the charge pump input node 32, and the output of 
charge pump stage 36E forms the charge pump output node 
34. 

Each charge pump stage 36A-36E includes a pass tran- 
sistor 38A-38E, The first and second current nodes (source 
or drain) of transistors 38A-38E respectively form charge 
pump stage 36A-36E input and output. A capacitor 
40A-40E has a first end being coupled to the respective 
charge pump stage 36A-36E output. The gates of the pass 
transistors 38A, 38C, and 38E and the second ends of the 
capacitors 40A and 40C in odd-numbered charge pump 
stages (charge pump stages 36 A, 36C, and 36E in FIG. 2 
correspond to odd numbers 1, 3, and 5 in the sequence of 
serially coupled charge pump stages) receive a first phase 
clock signal. The gates of pass transistors 38A, 38C, and 38E 
receive clock signals designated V201 on conductor 48, 
V401 on conductor 52, and V601 on conductor 56. 
Although the phase of these signals is the same, the peak 
voltage is not, as is described in further detail below. The 
second ends of capacitors 40A and 40C receive a clock 
signal designated V101 at respective nodes 44A and 44C. 
The second end of capacitor 40E, while in an "odd" charge 
pump stage, is in the final charge pump stage 36E in the 
sequence and is coupled to ground. Capacitor 40E acts as a 
final "peak detector" to provide a DC output voltage (with 
acceptable levels of ripple) at output node 34. The gates of 
the pass transistors 38B and 36D and the second ends of the 
capacitors 40B and 40D in even-numbered charge piunp 
stages (charge pump stages 36B and 36D in FIG. 2 corre- 
spond to even numbers 2 and 4 in the sequence of serially 
coupled charge pump stages) receive a second phase clock 
signal, which is out of phase by 180 degrees from the first 
clock signal ("antiphase", with approximately a 50% duty 
cycle). The gates of pass transistors 38B and 38D receive 
clock signals designated V302 on conductor 50, and V502 
on conductor 54. Although the phase of these signals is the 
same, the peak voltage is not, as is described in further detail 
below. The second ends of capacitors 40B and 40D receive 
a clock signal designated V102 at respective nodes 46B and 
46D. 

The peak value of the clock signal applied to the gates of 
the pass transistors 38A-38E at conductors 48-56 in charge 
pump stages 36A-36E increases with each successive 
charge pump stage, although the phase of the clock signal 
alternates. The peak value of the voltage applied to the gates 
of pass transistors 38A-38E is approximately equal to the 
peak voltage at the output of the corresponding charge pump 
stage 36A-36E. Having the output node and the gate node 
at the same voltage potential during one half of the clock 
signal assures that the pass transistor 38A-38E completely 
turns off for that portion of the clock signal and no devel- 
oped charge leaks "backwards" through the chain of charge 
pump stages 36A-36E. 

The peak value of the clock signal applied to the second 
ends of each of capacitors 40A-40D at nodes 44A-46D is 
approximately equal, although the phase of the clock signals 
alternates. The peak value of the clock signal applied to the 
second ends of each of capacitors 40A-40D is ideally 
approximately equal to the input voltage on the charge pump 
input node 32, simply because this is a readily available 
voltage. Although other voltages can be used, for example 
one-half of the input node voltage, this will force more 
complexity in the design because of the need for additional 
voltage dividers and/or voltage regulator circuits. 

To obtain the highest dielectric constant, and therefore the 
minimum die area needed, capacitors 40A-40D are ideally 
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integrated circuit ferroelectric capacitors, used in the non- 
switched linear mode. Capacitor 40E is shown to be a 
non-ferroelectric external capacitor having sufficient capaci- 
tance to reduce ripple at output node 34 to acceptable levels. 
Capacitor 40E can also be an integrated circuit ferroelectric 
capacitor, but because of the high value of capacitance 
typically needed for the peak detect function, an analysis 
should be done to ascertain whether or not it is economically 
feasible to include capacitor 40E on the integrated circuit. In 
charge pump 30, transistors 38A-38E are ideally P-channel 
MOS transistors. Charge piunp 30 can be reconfigured, 
however, to use N-channel MOS transistors if, for example, 
a dual-well semiconductor process is used. 

Charge pump 30 further includes circuitry for supplying 
the first and second phase clock signals of varying peak 
voltages to the gates of pass transistors 38A-38E in the 
respective charge pmnp stages 36A-36E &om the two input 
clock signals V101 at node 44 and V102 at node 46. The 
two input clock signals ideally have the same peak voltage, 
which is the same as the input DC voltage on node 32, i. e, 
"VI "volts. The two input clock signals are also antiphase, 
and are non-overlapping. The clock signal generating cir- 
cuitry includes a first plurality of serially coupled buffer 
stages 58A, 58C, and 58E associated with odd-numbered 
charge pump stages 36A, 36C, and 36E. The output of a 
buffer stage is coupled to the input of a next buffer stage and 
provides the clock signal to the gate of the pass transistor in 
the respective charge pump stage. For example, the output of 
buffer stage 58C is coupled to the input of buffer stage 58E 
and provides the clock signal to the gate of pass transistor 
38C in charge pump stage 36C via conductor 52. The input 
of the first buffer stage 58A receives die first phase clock 
signal V101 at node 44. A second plurality of serially 
coupled buffer stages 58B and 58D is associated with 
even-numbered charge pump stages 38B and 38D. The 
output of buffer stage 58B is coupled to the input of a buffer 
stage 58D and provides the second phase clock signal VI to 
the gate of the pass transistor in the respective charge pump 
stage, the input of a first buffer stage receiving the second 
phase voltage. 

Each of buffer stages 58A-58E include a first inverter 
stage 57A-57E serially coupled to a second inverter stage 
59A-59E. The power terminal of the first inverter stage 
57A-57E is coupled to the input of the respective charge 
pump stage 36A-36E. For example, the power terminal of 
inverter 57A is coupled to node 32, which is the input of 
charge pump stage 36A; the power terminal of inverter 57E 
is coupled to node 42D, which is the input of charge pump 
stage 36E. The power terminal of the second inverter stage 
59A-59E is coupled to the output of the respective charge 
pump stage 36A-36E, 

For example, the power terminal of inverter 59A is 
coupled to node 42A, which is the output of charge pump 
stage 36A; the power 20 terminal of inverter 59E is coupled 
to node 42E, which is the output of charge pump stage 36E. 

It is important to note that the switching threshold of 
inverters 57A-57E and 59A-59E be carefully adjusted so 
that the next inverter in the sequence will switch when 
driven with the output pulse from the previous inverter in the 
sequence. For example, the peak output voltage from 
inverter 59A is "V2" volts, and must drive inverter 57C, 
which is operated from "V3" volts. Therefore, the input 
threshold of inverter 57C must be set so that an input voltage 
of V2 volts is recognized as a valid logic "one" input. As 
another example, the peak output voltage from inverter 57D 
is "V4" volts, and must drive inverter 59D, which is oper- 
ated from "V5" volts. Therefore, the input threshold of 
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inverter 59D must be set so that an input voltage of V4 volts 
is recognized as a valid logic ''one" input. 

For a greater understanding of the operation of charge 
pump 30, assume that an input voltage at node 32 is one volt 
and a desired output voltage at node 34 is five volts. The 
following operating conditions are found at various circuit 
nodes: 

TABLE I 

operating Condition for Five Stage Charge Pump 
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Node Numbci(s) 


Label 


Operating Condition 


44,44A,44C 


vm 


1 V Peak Cock Signal, 1st Phase 


46, 46B, 46D 


vie2 


1 V Peak Clock Signal, 2nd Phase 


48 


V201 


2 V Peak Clock Signal, 1st Phase 


50 


V302 


3 V Peak Clock Signal, 2nd Phase 


52 


wm 


4 V Peak Qock Signal, 1st Phase 


54 


V5C2 


5 V Peak Cock Signal, 2nd Phase 


56 




5 V Peak Clock Signal, 1st Phase 


32 


VI 


1 V DC Input \foltage 


42A 


V2 


Switched Signal, 1-2 V, 1st Phase 


42B 


V3 


Switched Signal, 2-3 V, 2nd Phase 


42C 


V4 


Switched Signal, 3-4 V, 1st Phase 


42D 


V5 


Switched Signal, 4-5 V, 2nd Phase 


34, 42E 


V6 


5 V DC Output Voltage 



A Preferred Embodiment: Voltage Regulated Charge Pump 
Referring now to FIG. 3, a regulated charge pump system 
60 includes a voltage input node 68, which receives the low 
input voltage Vddl. A voltage output node 70 provides the 
30 higher output, charge pumped voltage Vdd. A three stage 
charge pump 62 (also known as a 'Voltage multiplier") has 
an input coupled to the voltage input node 68, an output 
coupled to the voltage output node 70, and an oscillator 
input for receiving the oscin clock signal on conductor 74. 
As is further explained below, three stage charge pump 62 is 
similar to the five stage charge pump 30 shown in FIG. 2, 
except that charge pump 62 receives a single clock signal at 
the oscillator input, and is converted internally into two 
antiphase clock signals, as well as other variants of the clock 
signal for operating the charge pump. A voltage regulator 66 
has an input coupled to the voltage output node 70 and a 
control output for providing the "ctl" control signal on 
conductor 72. An oscillator 64 has a power terminal coupled 
to the voltage input node 68, a control input coupled to the 
voltage regulator control output through conductor 72, and 
an output coupled to the oscillator input of the charge pump 
through conductor 74. The circuit configuration and opera- 
tion of charge pump 62, oscillator 64, and voltage regulator 
66 are described in further detail below. 

The detailed circuit diagram for charge pump 62 is shown 
in FIG. 4. In pertinent part, charge pump 62 includes three 
serially coupled charge pump stages 76A, 76B, and 76C. 
The output of charge pump stage 76A is coupled to the input 
of charge pump stage 76B at node 82A. The voltage at node 
82A is designated "VI". The output of charge pump stage 
76B is coupled to the input of charge pump stage 76C at 
node 82B. The voltage at node 82B is designated "V2". The 
input of charge pump stage 76 A forms the charge pump 
input at node 68 for receiving the Vddl input voltage. The 
output of charge pump stage 76C forms the charge pump 
output at node 70 for generating the Vdd output voltage. 

Each charge pump stage 76A-76C includes a P-channel 
pass transistor 78A-78C. Note that the "body" connection of 
the P-channel transistors is coupled to the output of the 
respective charge pump stage. Each charge pump stage 
76A-76C further includes a capacitor coupled to the 
P-channel pass transistor at nodes 82A-82C. Note that 
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capacitors SOAand SOB are ferroelectric capacitors since the 104 drives the input of inverter 106. The output of inverter 
dielectric strength is high, providing a desirable high value 106 provides the PHI clock signal on conductor 96 to the 
capacitor such as 0.01 microfarads when fabricated on an input of NOR gate 87A as well as ferroelectric capacitor 
integrated circuit. The exact value of capacitors 80A and 80A. The second section includes inverter 108, ao inverter 
80B will vary depending upon the application, and are s consisting of transistors 110 and 112, and inverter 114. 
determined by the amount of time available to reach the Inverter 108 receives the OSCA clock signal through con- 
desired output voltage, the output load current requirements, ductor 94 and provides a non-inverted OSCB clock signal on 
and the switching frequency of the clock signals. The final conductor 95, which drives one input of NOR gate 87B. 
"peak detecting" capacitor 80C is ideally a higher value than Inverter 110, 112 receives the non-inverted clock signal and 
capacitors 80A and SOB such as 0.1 microfarads and is 10 drives the input of inverter 114. Inverter 110, 112 is shown 
external to the integrated circuit containing charge pimip 62 as a P-chaimel transistor 110 and N-channel transistor 112. 
to minimize cost. Note that output node 70 must be con- Note that the "body" of P-channel transistor 110 is coupled 
nected to an external pin, which further militates in favor of to the source, and in turn, to input node 68. Further note that 
making capacitor 80C an external capacitor. The exact value source of N-channel transistor 112 is coupled the output of 
of capacitor 80C can of course vary according to the 15 inverter 106 and not to ground. This connection is to 
application, and is primarily determined by the output load estabhsh a non-overlapping function as is explained in 
current requirement. further detail below. The output of inverter 110, 112 drives 
Charge pump 62 further includes circuitry for supplying the input of inverter 114, The output of inverter 114 provides 
the anti-phase clock signals to the gates of the pass transis- the PH2 clock signal on conductor 97 to the input of NOR 
tors in the respective charge pump stages, as well as to 20 gate 87B as well as ferroelectric capacitor SOB. The power 
capacitors 80A and SOB. This circuitry includes logic stages terminals of inverters 100, 106, 108, and 114 are all coupled 
90A, 90B, and 90C as well as a four-output phase generator to input node 68 and are thus powered by the Vddl input 
92. Logic stages 90A and 90B both include a two input NOR voltage. 

gate S7A, S7B coupled to an inverter S9A, S9B. The inputs Charge pump 62 further includes initialization circuitry 

of NOR gate 87A receives the OSCA and PHI clock signals 25 coupled to charge pump Vddl input node 68 (which is also 

from phase generator 92. The inputs of NOR gate 87B the input of the first charge pump stage 76A) for initializing 

receives the OSCB and PH2 clock signals from phase the output of each of the charge pump stages 76B and 76C. 

generator 92. The operation of phase generator 92, as well Diode-connected transistor 116 has an anode coupled to 

as the timing of the OSCA, OSCB, PHI, and PH2 clock input node 68 and a cathode coupled to the output of charge 

signals is described in further detail below, e^ecially with 30 pump stage 76B at node 82B. Diode-connected transistor 

reference to the timing diagram of FIG. 5. Inverter 89A 118 has an anode coupled to input node 68 and a cathode 

drives the gate of P-channel pass transistor 7SA at node 84, coupled to the output of charge pump stage 76C at node 82C 

and inverter S9B drives the gate of P-channel pass transistor (also identified as charge pump output node 70). Note that 

7SB at node 86. Logic stage 90C includes serially coupled the gate and body of each of transistors 116 and 118 are 

inverters 87C and S9C. The input of inverter S7C is coupled 35 coupled together and to the source to form a diode. In 

to node 84, which is the output of inverter 89A. The output operation, a DC voltage is supplied to input node 68. This 

of inverter 89C drives the gate of P-channel pass transistor voltage, minus a diode voltage drop, is applied to nodes 82B 

78C. and 82C. In this way, the charge pump stage output voltages 

Note that each of logic stages 90A-90C has two power must only be pumped up from the Vddl value, and not from 

terminals, the first of which is coupled to the input of 40 ground. Thus, the initialization circuitry minimizes the num- 

corresponding charge pump stage 76A-76C, and the second ber of cycles needed to establish the final charge pump 

of which is coupled to the output of corresponding charge output voltage at node 70. Within a few cycles, the voltages 

pump stage 76A-76C. In logic block 90A, the input thresh- at the output of charge pump stages 76B and 76C (V2 and 

old of inverter S9A is set such that the Vddl output voltage Vdd in FIG. 4) is greater than the input Vddl voltage and 

level supplied by NOR gate S7A is recognized as a logic 45 diode-connected transistors 116 and 118 both turn off. 
"one" level. In logic block 90B, the input threshold of Referring now to FIG. 5, a timing diagram illustrates the 

inverter S9B is set such that the VI output voltage level OSCA, OSCB, PHI, and PH2 waveforms generated by 

supplied by NOR gate 87B is recognized as a logic "one" phase generator 92. The "oscin" clock signal waveform is 

level. In logic block 90C, the input threshold of inverter 89C identical to the OSCB waveform. It should first be noted that 

is set such that the Vddl output voltage level supplied by 50 the OSCA and OSCB waveforms are simply antiphase 

NOR gate 87A is recognized as a logic "one" level. square waves. They are not non-overlapping, but have a 

Phase generator 92 includes a first section for generating substantially 50% duty cycle. At time to the OSCA and PHI 

the OSCA and PHI clocks signals, which are 180 degrees clock signals are both at a logic "one" level; clock signals 

out of phase with the input "oscin" clock signal at node 74. OSCB and PH2 are both at a logic "zero" level. At time tl 

The first section includes inverter 100, an inverter consisting ss both clock signals OSCA and OSCB switch to opposite logic 

of transistors 102 and 104, and inverter 106. Inverter 100 levels. Qock signal PHI begins to decay immediately. The 

receives the "oscin" clock signal at node 74 and provides an decay waveshape is due to the capacitive loading of capaci- 

inverted OSCA clock signal on conductor 94, which drives tor 80 A. At time tl, clock signal PH2 remains at a logic zero 

one input of NOR gate 87A. Inverter 102, 104 receives the level. At time t2, clock signal PHI is substantially decayed 

inverted clock signal and drives the input of inverter 106. 60 to ground potential, and PH2 begins to switch. Recall that 

Inverter 102, 104 is shown as a P-channel transistor 102 and the PHI clock signal is used to drive the source of N-channel 

N-channel transistor 104. Note that the "body" of P-channel transistor 112, which in turn is used to generate the PH2 

transistor 102 is coupled to the source, and in turn, to input clock signal. In other words, inverter 110, 112 does not 

node 68. Further note that source of N-channel transistor 104 switch until the source of transistor 112 is returned close to 

is coupled the output of inverter 114 and not to ground. This 65 ground potential. At time t3 clock signals OSCA and OSCB 

connection is to establish a non-overlapping function as is again switch. Gock signal Pli2 immediately decays, but 

explained in further detail below. The output of inverter 102, clock signal PHI does not begin charging until time t4. The 
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behavior of the clock signal waveforms at times tl-t4 is 
repeated for an illustrated second cycle at times t5-t8. It can 
be seen from the waveforms of FIG. 5 that the PHI and PH2 
clock signals, which are used to drive capacitors 80A and 
SOB, respectively, are non-overlapping. This is desirable 5 
since the capacitors are switched in a manner that conserves 
charge at nodes 82A and 82B. Capacitors 80A and 80B are 
only switched when transistors 78A and 78B are completely 
off. 

Charge pump 62 operates in the regulated charge pump 
system 60 shown in block diagram form in FIG. 3. Two other 
circuit blocks, a controlled oscillator 64 and voltage regu- 
lator 64 are described in further detail below. For a greater 
understanding of charge pump 62 in the regulated charge 
pump system 60 assume that an input voltage at node 68 has ^5 
a voltage input range of 1.9 volts to 4.9 volts and a desired 
output voltage at node 70 of 5 volts, plus or minus 0.25 volts. 
Tables II below sets forth the voltages at various charge 
pump circuit nodes for an input voltage at the low end of the 
range, i.e. 1.9 volts. Table III below sets forth the voltages 20 
at various charge pump circuit nodes for an input voltage at 
the high end of the range, i.e. 4.9 volts. The 1st Phase 
nomenclature in Tables II and III refers to a signal being in 
phase with the ''oscin" input clock signal, and the 2nd Phase 
nomenclature in Tables II and III refers to a signal being out 25 
of phase with the ''oscin" input clock signal. 

TABLE II 



Operating Condition for Three Stage Charge Pump 
(Vddl ° 1.9 volts) 



Node Number(s) 


Label 


Operating Condition 


94 


OSCA 


1.9 V Pk Clock Signal, 2nd Phase 


95 


OSCB 


1.9 V Pk Clock Signal, 1st Phase 


96 


PHI 


1.9 V Pk Clock Signal, 2nd Phase 


97 


PH2 


1,9 V Pk Clock Signal, 1st Phase 


68 


Vddl 


1.9 V DC Input Vbltage 


82A 


VI 


Switched Signal, 1.9-3.8 V 


82B 


V2 


Switched Signal, 3.8-5.7 V 


82C, 70 


Vdd 


5 V +/- 0.25 DC Output \bltage 



Note that the unregulated output voltage at node 82C 
would have been 5.7 volts DC, which is three times the input 
voltage of 1.9 volts DC. 

TABLE III 



Operating Condition for Three Stage Charge Pump 
(Vddl -4.9 volts) 



Node Number(s) 


Label 


Operating Condition 


94 


OSCA 


4.9 V Pk Oock Signal, 2nd Phase 


95 


OSCB 


4.9 V Pk Qock Signal, 1st Phase 


96 


PHI 


4.9 V Pk Clock Signal, 2nd Phase 


97 


PH2 


4.9 V Pk Clock Signal, 1st Phase 


68 


Vddl 


4.9 V DC Input \feltage 


82A 


VI 


Switched Signal, 4.9-9.8 V 


82B 


V2 


Switched Signal, 9.8-14.7 V 


82C, 70 


Vdd 


5 V +/- 0.25 DC Output Nfeltage 



50 



Note that the unregulated output voltage at node 82C 
would have been 14.7 volts DC, which is three times the 60 
input voltage of 4.9 volts DC. 

The output voltage Vdd at node 70 is regulated in a 
preferred embodiment of the present invention. Two addi- 
tional circuit blocks, controlled oscillator 64 and voltage 
regulator 66, provide the voltage regulation. Turning now to 65 
FIG. 6, oscillator 64 includes a two input NOR gate 120, 
wherein one of the inputs receives the "ctl** signal at node 
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72. The "ctl" signal controls oscillator 64 so that when the 
"ctl" signal is at a logic one level, an oscillating signal 
designated "oscout" (which can also be deemed a "con- 
trolled clock signal") is presented at output node 74. When 
the "ctl" signal is at a logic zero level, the controlled clock 
signal at node 74 is absent and a ground potential is 
presented. The output of NOR gate 120 drives the input of 
inverter 122. The output of inverter 122 drives intermediate 
node 123, which is coupled to a plurality of capacitor- 
coupled transistors 124A-124E. The gate capacitance of 
each of the transistors 124A-124E is provided by using the 
gate as a first capacitor plate and the shorted drain and 
source as the second capacitor plate. Five capacitor-coupled 
transistors are shown in FIG. 6, wherein transistors 124A, 
124D, and 124E are hard-wired to intermediate node 123. A 
total capacitance of about one picofarad is presented by 
these three transistors for an oscillating frequency of about 
one megahertz at 1.9 volts. Additional transistors 124B and 
124C can be coupled to intermediate node 123 by metal 
mask programming on the integrated circuit for an addi- 
tional capacitance of about 1.7 picofarads. Capacitor- 
coupled transistors 124A-124E are binarily weighted and 
can be added or subtracted as desired for a given application. 
Although five such transistors are shown in FIG. 6, any 
number can be used. A higher number will give finer 
granularity in the selection of oscillation frequency. An 
acceptable range of frequency for the "oscout" clock signal 
is from about one megahertz to about two megahertz. 
Intermediate node 123 is also coupled to the input of Schmitt 
trigger inverter 126, which converts the substantially sinu- 
soidal oscillating signal at intermediate node 123 into a full 
logic level square wave signal. The output of inverter 123 is 
coupled back to the other input of NOR gate 120 as positive 
feedback, which creates the oscillation. The output of 
inverter 126 is also coupled to the input inverter 128. The 
output of inverter 128 in turn, is the output node 74 of 
oscillator 64. The power terminals of NOR gate 120, inverter 
122, Schmitt trigger inverter 126, and inverter 128 are all 
coupled to node 68 for receiving the Vddl lower voltage 
input voltage. 

Turning now to FIG. 7, a voltage regulator 66 includes a 
resistor string 130, 132, 134, coupled to the regulator input 
at node 70. The resistor string has first and second taps 
designated T475 and T525. The tap voltages represent the 
"low** and "high" values of desired voltage regulation. The 
"ctl" output signal is a logic one value in response to the Vdd 
output voltage dropping below 4.75 volts, and is a logic zero 
value in response to the Vdd output voltage climbing above 
5.25 volts. The target regulated voltage is thus 5 volts, plus 
or minus 0.25 volts. The actual tap voltages are calculated 
with reference to the bandgap voltage of 1.2 volts provided 
by a bandgap reference generator 144. Ideally resistor 130 
has a value of 747K ohms, resistor 132 has a value of 24K 
ohms, and resistor 134 has a value of 228K ohms. Other 
resistance values, of course, can be used and are determined 
by the desired tap values for other applications, as well as 
operating current specifications. A first multiplexer 138 has 
an input coupled to the T475 tap, an output, and two 
complementary control inputs. A second multiplexer 140 has 
an input coupled to the T525 tap, an output, and two 
complementary control inputs. A comparator 142 has a 
positive input coupled to the outputs of the multiplexers 138 
and 140, a negative input for receiving the bandgap voltage, 
and an output forming the control output of the voltage 
regulator at node 72 and for controlling the control inputs of 
the multiplexers 138 and 140. The multiplexers are con- 
trolled either directly by the output of comparator 142 or 
through inverter 136. 
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In operation, the regulated charge pump system 60 of RG. 
3 generates a boosted, regulated voltage Vdd at node 70 by 
determining whether the boosted output voltage Vdd is 
greater or less than a predetermined target output voltage, 
within preset hysteresis limits, and then selectively charge 
pumping the Vddl input voltage at node 68 to provide a 
boosted output voltage if the boosted output voltage is less 
than the predetermined target output voltage, within the 
preset hysteresis limit. The charge pumping of the Vddl 
input voltage is suspended if the boosted output voltage is 
greater than the predetermined target output voltage, again 
within the preset hysteresis limit. 

The voltage regulation operation can be clearly seen in the 
combined timing/waveform diagrams of FIG. 8A and FIG. 
8B. In FIG. 8A the output voltage Vdd waveform is shown 
having four complete cycles, corresponding to a high input 
voltage such at 4.9 volts. A leading edge portion 146Aof the 
waveform indicates that charge pump 62 is enabled and the 
output voltage Vdd is increasing. Once the 5.25 volt upper 
hysteresis threshold is attained, charge pump 62 is disabled 
and a linear trailing edge portion 148 of the Vdd waveform 
is shown. The trailing edge portion 148 continues until the 
4.75 volt lower hysteresis threshold is attained, and charge 
pump 62 is once again enabled. The corresponding ^'ctl" 
waveform is also shown in FIG. 8A. The ctl waveform is 
active high during the leading edge portions 146A of the 
Vdd waveform. In FIG. 8B the output voltage Vdd wave- 
form is shown having only two complete cycles, corre- 
sponding to a low input voltage such at 1.9 volts. A much 
longer leading edge portion 146B of the waveform indicates 
that charge pump 62 is enabled and the output voltage Vdd 
is increasing. Once the 5.25 volt upper hysteresis threshold 
is attained, charge pump 62 is disabled and the same linear 
trailing edge portion 148 of the Vdd waveform is shown. 
This is because the linear trailing edge decay is primarily 
determined by the total current load on charge pump 62. The 
trailing edge portion 148 continues until the 4.75 volt lower 
hysteresis threshold is attained, and charge pump 62 is once 
again enabled. The corresponding "ctl" waveform is also 
shown in FIG. 8B. The ctl waveform is active high during 
the leading edge portions 146A of the Vdd waveform. Note 
the greater active high duty cycle of the ctl waveform in FIG. 
8B, corresponding to charge pump 62 being enabled for a 
longer time to attain the same output voltage. 

Having described and illustrated the principles of the 
invention in a preferred embodiment thereof, it is appreci- 
ated by those having skill in the art that the invention can be 
modified in arrangement and detail without departing from 
such principles. For example, the clock signal frequencies 
and voltages, number of charge pump stages, output voltage 
level and regulation limits can all be changed to suit a 
particular application. Additionally, the voltage polarities 
used, and type of transistors used in the various circuits 
presented herein can all be changed by modifications known 
to those having ordinary skill in the art. I therefore claim all 
modifications and variation coming within the spirit and 
scope of the following claims. 

I claim: 

1. A charge pump comprising: 

a charge pump input node for receiving a first voltage; 
a charge pump output node for generating a second 
voltage; and 

a plurality of serially coupled charge pump stages each 
having an input and an output, wherein the output of a 
charge pump stage is coupled to the input of a next 
charge pump stage, the input of a first charge pump 
stage forming the charge pump input node, and the 
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output of a last charge pump stage forming the charge 
pump output node, wherein each charge pump stage 
comprises: 

a pass transistor having a gate, and first and second 
5 current nodes respectively coupled to the charge 

pump ^age input and output; and 
a capacitor having first and second ends, the first end 

being coupled to the charge pimip stage output, 
wherein the gates of the pass transistors and the second 
ends of the capacitors in odd-numbered charge pump 
stages receive a first phase voltage, and the gates of 
the pass transistors and the second ends of the 
capacitors in even-numbered charge pump stages 
receive a second phase voltage, except that the 
second end of the capacitor in the last charge pump 
^5 stage is coupled to ground. 

2. A charge pump as in claim 1 in which the peak value 
of the voltage applied to the gates of the pass transistor in the 
charge pump stages increases with each successive charge 
pump stage. 

20 3. A charge pump as in claim 1 in which the peak value 
of the voltage applied to the gates of the pass transistor in a 
charge pump stage is approximately equal to the voltage at 
the output of the stage. 

4. A charge pump as in claim 1 in which the peak value 
25 of the voltage applied to the second ends of each of the 

capacitors is approximately equal. 

5. A charge pump as in claim 1 in which the peak value 
of the voltage applied to the second ends of each of the 
capacitors is approximately equal to the first voltage on the 

30 charge pump input node. 

6. A charge pump as in claim 1 in which all of the 
capacitors, except for the capacitor in the last stage, are 
ferroelectric capacitors. 

7. A charge pump as in claim 1 in which all of the 
35 transistors are P-channel MOS transistors. 

8. A charge pump as in claim 1 frirther comprising means 
for supplying the first and second phase voltages to the gates 
of the pass transistors in the respective stages. 

9. A charge pump as in claim 8 in which the supplying 
40 means comprises: 

a first plurality of serially coupled buffer stages associated 
with odd-numbered charge pump stages, each buffer 
stage having an input and an output, wherein the output 
of a buffer stage is coupled to the input of a next buffer 
45 stage and provides the voltage to the gate of the pass 
transistor in the respective charge pump stage, the input 
of a first buffer stage receiving the first phase voltage; 
and 

a second plurality of serially coupled buffer stages asso- 
50 ciated with even-numbered charge pump stages, each 
buffer stage having an input and an output, wherein the 
output of a buffer stage is coupled to the input of a next 
buffer stage and provides the voltage to the gate of the 
pass transistor in the respective charge pump stage, the 
55 input of a first buffer stage receiving the second phase 
voltage. 

10. A charge pump as in claim 9 in which the buffer stages 
each comprise a first inverter stage serially coupled to a 
second inverter stage. 

60 11. A charge pump as in claim 10 in which a power 
terminal of the first inverter stage is coupled to the input of 
the respective charge pump stage. 

12. A charge pump as in claim 10 in which a power 
terminal of the second inverter stage is coupled to the output 

65 of the respective charge pump stage. 

13. A charge pump as in claim 1 in which the number of 
charge pump stages is equal to three. 
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14. A regulated charge pump comprising: 
a voltage input node; 

a voltage output node; 

a charge pump having an input coupled to the voltage 
input node, an output coupled to the voltage output 
node, and an oscillator input, in which the charge pump 
comprises a plurality of serially coupled charge pump 
stages each having an input and an output, wherein the 
output of a charge pump stage is coupled to the input 
of a next charge pump stage, the input of a first charge 
pump stage forming the charge pump input node, and 
the output of a last charge pump stage forming the 
charge pump output node, wherein each charge pump 
stage comprises a pass transistor having a gate, and first 
and second current nodes respectively coupled to the 
charge pump stage input and output, and a capacitor 
having first and second ends, the first end being coupled 
to the charge pump stage output, wherein the gates of 
the pass transistors and the second ends of the capaci- 
tors in odd-numbered charge pump stages receive a first 
phase voltage, and the gates of the pass transistors and 
the second ends of the capacitors in even-numbered 
charge pump stages receive a second phase voltage, 
except that the second end of the capacitor in the last 
charge pump stage is coupled to ground; 

a voltage regulator having an input coupled to the voltage 
output node and a control output; and 

an oscillator having a power terminal coupled to the 
voltage input node, a control input coupled to the 
voltage regulator control output, and an output coupled 
to the oscillator input of the charge pump. 

15. A regulated charge pump as in claim 14 further 
comprising means for supplying the first and second phase 
voltages to the gates of the pass transistors in the respective 
stages. 

16. A regulated charge pump as in claim 15 in which the 
supplying means further comprises means for supplying 
non-overlapping first and second phase voltages to the 
capacitors in the charge pump stages. 

17. A regulated charge pump as in claim 14 further 
comprising means coupled to the input of the first charge 
pump stage for initializing the output of each of the charge 
pump stages. 

18. A regulated chaige pump comprising: 
a voltage input node; 

a voltage output node; 

a charge pump having an input coupled to the voltage 
input node, an output coupled to the voltage output 
node, and an oscillator input; 

a voltage regulator having an input coupled to the voltage 
output node and a control output in which the voltage 
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regulator comprises a resistor string coupled to the 
regulator input having first and second taps, a first 
multiplexer having an input coupled to the first tap, an 
output, and a control input, and a second multiplexer 

^ having an input coupled to the second tap, an output, 
and a control input, and a comparator having a first 
input coupled to the outputs of the first and second 
multiplexers, a second input for receiving a bandgap 
voltage, and an output forming the control output of the 
voltage regulator and for controlling the control inputs 
of the first and second multiplexers; and 
an oscillator having a power terminal coupled to the 
voltage input node, a control input coupled to the 

15 voltage regulator control output, and an output coupled 
to the oscillator input of the charge pump. 
19. A regulated charge pump as in claim 18 in which the 
charge pump comprises: 
a plurality of serially coupled charge pump stages each 

'^^ having an input and an output, wherein the output of a 
charge pump stage is coupled to the input of a next 
charge pump stage, the input of a first charge pump 
stage forming the charge pump input node, and the 
output of a last charge pump stage forming the charge 

2^ pump output node, wherein each charge pump stage 
comprises: 

a pass transistor having a gate, and first and second 
current nodes respectively coupled to the charge pump 
stage input and output; and 
a capacitor having first and second ends, the first end 

being coupled to the charge pump stage output, 
wherein the gates of the pass transistors and the second 
ends of the capacitors in odd-numbered charge pump 
35 stages receive a first phase voltage, and the gates of the 
pass transistors and the second ends of the capacitors in 
even-numbered charge pump stages receive a second 
phase voltage, except that the second end of the capaci> 
tor in the last charge pump stage is coupled to ground. 
40 20. A regulated charge pump as in claim 19 further 
comprising means for supplying the first and second phase 
voltages to the gates of the pass transistors in the respective 
stages. 

21. A regulated charge pump as in claim 20 in which the 
45 supplying means further comprises means for supplying 

non-overlapping first and second phase voltages to the 
capacitors in the charge pump stages. 

22. A regulated charge pump as in claim 19 further 
comprising means coupled to the input of the first charge 

50 pimip stage for initializing the output of each of the charge 
pump stages. 

***** 
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[57] ABSTRACT 

An amplifier has a first stage employing a pair of differ- 
entially cotmected NMOS amplifier transistors, a sec- 
ond stage composed of a bipolar current mirror circuit 
and two charge pumps. Each charge pump may be a 
switching voltage multiplier circuit without the con- 
ventional output capacitor. The outputs of the two 
charge pumps are connected, respectively, to the col- 
lector of the current-mirror output transistor and to the 
commonly connected sources of the NMOS amplifier 
transistors. Each charge pump serves as both a pulse- 
voltage energizing source and a load to the amplifier. 
The amplifier is incorporated with a high-current 
NMOS transistor in an integrated circuit, wherein one 
differential input of the amplifier is connected to the 
source of the driver transistor at which an external load, 
e.g. a motor, may be connected. The output (collector) 
oif the differential amplifier is connected to the gate of 
the NMOS driver transistor so that the load current 
through the driver transistor is held regulated to a value 
proportional to the input or reference voltage that is 
applied to the other input of the differential amplifier. 
The peak pulse voltage of each charge pump is greater 
than the DC supply voltage from which the driver 
transistor and the two charge pumps are energized so 
that the dynamic range of both the input control volt- 
age and the amplifier output to the gate of the NMOS 
driver transistor is much greater than the DC supply 
voltage to the integrated circuit 

13 Qaims, 2 Drawing Sheets 




AMPLIFIER 40 



U.S. Patent May is, 1993 sheet 1 of 2 5,212,456 



FIG.I 

(PRIOR ART) 




U.S. Patent May is, 1993 sheet 2 of 2 5,212,456 



FI6.2 




DNPUFIER 86 



5,212,456 

1 2 

Likewise the amplifier will be said to have a low-imped- 

WIDE-DYNAMIC-RANGE AMPLIFIER WITH A ance output when it is taken from an emitter or a FET 

CHARGE-PUMP LOAD AND ENERGIZING source. 

CIRCUIT A linear amplifier circuit of this invention includes a 

5 final stage with a high-impedance output, a charge 
BACKGROUND OF THE INVENTION pump having a high output impedance connected to the 
This invention relates to electronic signal amplifiers amplifier output, and an oscillator for producing signal 
and more particularly to such an amplifier wherein a pulses. preferably at a constant frequency. The charge 
charge pump serves as the load and source of operating pump is connected to the DC voltage supply conductor 
energy. bang energized therefrom, and has an input con- 
There is shown in FIG. 1 a typical prior art driver nected to the oscillator for being switched therd>y. 
circuit in which an NMOS high-side driver transistor 10 The charge pump is for producing at the output 
controls the current through a load 12 that is connected under open circuit conditions^ voltage pulses at the 
to the source of the driver transistor 10. The driver 10 frequency of the oscillator, which voltage pulses have 
and driver load 12 are connected between a voltage peak values substantially greater than a DC voltage that 
energizing terminal 14, at which a positive voltage Vcc may be applied to the DC voltage supply conductor, 
may be applied, and a circuit ground point 16. A differ- The output of the charge pump is connected to one of 
ential amplifier 18, having a load resistor 19, is con- the high-impedance output terminals of the aimplifier 
nected in a feedback loop between the source and the transistor whereby the substantial source impedance of 
gate ofthe driver transistor 10 for establishing a. current ^ the charge pump serves as the load and the voltage 
in the driver load 12, which driver load current is pro- pulses of the charge pump serve as an energy source to 
portional to the input voltage ofthe feedback amplifier the linear amplifier. The charge pump thus operates 
18 at input terminal 20. approximately as a pulsed current source, the substan- 
This driver circuit illustrates a problem in prior art ^ source impedance thereof being at least commensu- 
circuits wherein it is desired to energize a high current 25 ^^j^ greater than the source impedance of 
driver transistor from a voltage source (Vcc) capable of amplifier transistor to which it is connected, 
supplying the necessary high currents to the load, while gy another measure, the substantial source hnpe- 
at the same time it naay be desirable to enerc^ rela- ^ preferably large enough 
tively low-power driv^^^ circuits, such as the ^^^^ ^ ^^^^ i 
amphfier 18 m FIG. 1. from a source of vd^^^ 30 output of the charge pump, reduces the 
much greater than Vcc m order to provide a greater ^ Voltage at that output by more than 50 percent 
dynamic range of mput and output dnver-control sig- ^.^^ to Ae peak mag^tude of the voltage p!Ls. 

TOs problem is typically solved by providing a sec ..i^^SS^ 2^^^^^^ teA t^^* 
ond energizing voltage source (not shown) for supply- 35 ^^T amphfier transistors or bott my m- 

ing separSely the ncided higher voltage to the driver ^^^f ^ ^ * S^^^^ 
control circJts. The considerable additiomd expense of amplifier stage or m the first stage or boA. Lmear am- 
providing the second and higher voltage supply source P^^^^^^f this mvention are capable of bemg energized 
i often avoided leading to compromises in amplifier ^^PP^V ^^e providmg a greater dy- 

performance, and therefore driver circuit performance. 40 ^P^t o"\put voltage range that greaUy ex- 

This additiomd expense is especially objectionable cceds the supply voltage, and may therefore advanto^ 
when the driver transistor and the driver control cir- geously be mcorporated m an jntegrated circuit or used 
cuits are to be integrated in a single siUcon chip. » a system wherem other circmts are mcludcd ^t 

It is an object of this invention to provide an amplifier « low-voltage high-current DC supply which is 

circuit capable of having a greater dynamic range of 45 suitable for also powermg this high resilience amplifier, 
input and output signals than the magnitude of the sup- Furthermore, voltage multiplier and charge pump 
piy voltage that is used to energize the amplifier. stages typically include small value capacitors of non- 

It is a fiirther object of this invention to provide such critical value that can readily be provided within an 
an amplifier as a driver-control-signal amplifier in a low integrated circuit. 

cost integrated circuit wherein both the wide dynamic 50 The linear amplifier of this invention is particularly 
range amplifier and the driver may both be energized weU suited for use in an integrated driver circuit. The 
from the same voltage source. driver transistor, e.g. a power MOSFET, has a control 

terminal, e.g. the gate, connected to the output of the 
Summary of the Invention linear amplifier, has one high-impedance output termi- 

A generic •'transistor" to be described herein includes 55 nal, e.g. the drain, connected to the same DC voltage 
bipolar and field efiect transistors (FETs). Such a ge- supply conductor that also is the source of energy for 
neric transistor is said to have a control terminal, a the charge pump; and has another but low-impedance 
high-impedance output terminal and a low-impedance output tenodnal, e.g. the source, connected to the ihte- 
output terminal. These three terms as used herein are to grated-circuit chip driver-output pad to which an exter- 
bedefinedasfollows. When the transistor is a FET, the €0 nal load, e.g. a motor, may be connected. An input of 
control terminal is the gate, the high-impedance output the amplifier is connected to the driver-output pad to 
terminal is the drain and the low-impedance terminal is which an external load may be connected, and the bigh- 
the source. When the transistor is a bipolar transistor impedance output of the amplifier is connected to the 
these three terms are respectively the base, collector input terminal of the driver transistor, 
and emitter. 65 In the integrated driver circuit it is preferred that the 

An amplifier circuit to be described herein will be amplifier is a differential amplifier having a second 
said to have a high impedance output when it is taken input to which a reference of control signal voltage may 
either as a collector or a drain of an output transistor. be applied, so that the load current in the driver will be 
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proportional to the control voltage. Thus an integrated The amplifier 40 has a load consisting of a charge 

closed-loop regulated driver is provided wherein the pump 54 connected between the collector of the NPN 

amplifier output signal to the driver transistor may have transistor 50 and the voltage supply terminal 34. The 

a voltage range much greater than the amplitude of the charge pump 54 is shown having a llievenin-equivalent 

DC supply voltage to the integrated circuit 5 voltage source 56 and a Thevenin-equivalent source 

When the driver transistor is a power MOSFBT, the resistance 58, a free-running oscillator or pulse genera- 
bandwidth of the amplifier is controlled by MOSFET tor €0 connected to the voltage source 56 to produce 
gate capacitance and the charge pump source resis- current pulses Icp of the clock frequency, fc, through 
tance. The gate capacitance is also the charge pump the NPN current mirror circuit stage of amplifier 40. 
load filter. Good regulation b achieved by choosing the ^0 The magnitude of the charge-pump load current Icp is 
charge pump clock rate to be much larger than the loop twice the magnitude of current Icm since the base-cmit- 
bandwidth. ter junction area (1 X ) of the transistor 50 is (2 X ) twice 

Additional dynamic range in the regulating feedback that of the transistor 48. The sum of Icm and Ifb always 

amplifier by additionally powering the amplifier with a equals the current source current Ics. 

second charge pump energized from the same voltage Referring to FIG. 3, a charge pump circuit is shown 

supply pad and connected to a low-impedance output of corresponding to the equivalent-circuit 54 in FIG. 2. 

the first stage in the linear amplifier, thereby addition- ^he charge-pump circuit has two stages. The first stage 

ally permitting a much greater effective swing in ampli- ^ * standard voltage multiplier circuit. e.g. as de- 

fier input control voltage as well. Furthermore the 10.23(b) at page 517) in the text book 

linear amplifier is now a dynamic amplifier, having gain ^ "Bipolar and MOS Analog Integrated Circuit 

only at the moments when a voltage (and thus a cur- |t>y Alan B Grebene 1984, John Wiley & Sons; 

rent) pulse is being generated in the second charge P*«^ ^^^^^^^ V^^^"^,^ ^["^^ ^' ^5, and 

pump. When the two charge pmnps are clocked by the ^^^^^ capacitors 70 and 71. and the two clock- 

same on-board oscillator or are otherwise synchro- „ ^« «^ the 

nized. the simultaneous currents from the first charge output capacitor 71 has a peak value of nearly twice the 

pump and from the output of the linear amplifier that '"^'Jm^^^^ s 'ttw^ ^ *v ^ . ,^ 

meet at the driver input tenninal help to reduce the StUl refernng to FIG. 3. the se«>nd 

clock "noise" there. The linear amplifier with the two ^„?^f stage and includes t^^ diodes 76. 77 

charge pumps requires little integrated circuit chip area. ^^,1*' °f 'fl'^^T J'^'' clock-actuated 

doesnof reqMieuseof extern^discret^ '° ? ?T ^ ""'^ 

and prov^es good regukted-driver perform^ at 5 """t "^f^ P'^P 

relativelv low ^eg»««»-«nvcr pcnonnancc ai 74. additional voltege multipher stages 

relatively low cost. ^ included for obtaining even a higher source 

BRIEF DESCRIPTION OF THE DRAWINGS voltage. 

~- ^ . ^ . 35 The clock output 84a consists of periodic voltage 

FIG. 1 shows a pnor art dnver circuit providing an of frequency f. When the output voltage at clock 

output current that is regulated with respect to the mput ^^^^^ 84^ is high the switches 72 and 81 are closed, 

, _ , . . . « while at the same time the complementary output volt- 

FIG. 2 shows a first regulatmg dnver circuit of this at clock output 84^ is low keeping switches 81 and 
mvention mcludmg a feedback amplifier with a charge- 40 82 open. Switches 72 and 81 are off when switches 73 

pump load and energizing circuit. and 83 are on, and visa versa. The switches 72. 73. 81 

FIG. 3 shows a circmt diagram of a charge pump and 82 are preferably transistor switches, 

employed in the dnver circuits of FIG. 2 and FIG. 4. jhe voltage across the capacitor 71 of stage 62 is a 

FIG. 4 shows a second regulating driver circuit of positive DC voltage usually with a relatively small 
this mvention mcludmg a feedback amplifier with two 45 amount of ripple superimposed on it. If the ripple is 
charge pumps that each constitute ampUfier loads and assumed to be neghgible, the input voltage to the sec- 
energizing sources. ojid charge pump stage 74 can be assumed to be 2Vcc, 
DESCRIPTION OF THE PREFERRED Thevenin equivalent voltage of the second stage 
EMBODIMENTS becomes approximately 4Vcc looking back into the 

50 output (cathode ofdiode 78) ofstage 74. That Thevenin 

Refemng to FIG. 2, a siHcon integrated circuit 30 voltage source 56 is depicted in FIG. 2, the equivalent 
mcludes an NMOS driver transistor 32 connected drain voltage therefrom having the form of voltage pulses 
to source between the voltage supply tenninal 34 and (about 4Vcc peak) of clock frequency f. The source 
the output terminal 36 to which a load 38, e,g. a motor. impedance of the charge pump, or a Thevenin equiva- 
is connected. An amplifier 40 has a pair of differentially 55 lent source resistance is Req= 1/f.Cs. The average out- 
connected NMOS transistors 42 and 44 having their put current is Icp(av.)=4Vcc/Icp(av.). Cs is any capac- 
sources connected via the current source 46 to the volt- itance added (not shown) to the driver circuit that tends 
age supply terminal 34 at which a voltage -f Vcc is to be to load but smooth the charge pump output current Icp. 
applied. The amplifier 40 additionally includes a current For example, physicaUy large NMOS driver transistor 
minor circuit composed of an input-branch NPN tran- 60 10 (FIG. 1) will have a large on-board gate capacitance, 
sistor 48 and an output-branch NPN transistor 50. The This gate capacitance will also provide a agnificant 
NPN transistor 48 is connected to the drain of the dif- smoothing of the charge pump current Icp and thus will 
ferential amplifying NMOS transistor 42 and a diode smooth the driver gate voltage and driver load current 
connected NPN transistor 52 is connected for amplifier through load 38. 

balance to the drain of the other differential amplifying 65 In addition to serving as the charge pump filter, the 

NMOS transistor 50. The driver load cunent It will be driver gate capacitance Cs in conjunction with the 

proportional to the input voltage applied to the input charge pump resistance Req detennine the bandwidth 

terminal 52. of the amplifier 40 and thus the feedback loop. Good 
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regulation of the driver load current U through load 38 charge-pump means serving as a high voltage cner- 

is achieved by choosing the charge pump clock rate to gizing source to said amplifier transistor, 

be much larger than the loop bandwidth. 2. The amplifier of claim 1 wherein said oscillator is a 

In the second and most preferred embodiment of this free-running type oscillator for operating at a fixed 

invention as shown in FIG. 4, additional dynamic range 5 frequency. 

of the feedback ampUfier 86 may be obtained by cner- 3. The amplifier of claim 1 wherein said charge-pump 

gizing the differential NMOS stage (comprised of means consists of diodes, capacitors, and switches for 

NMOS transistors 42 and 44) with a second charge being actuated by said oscillator signal pulses, 

pump 87 as is depicted in the integrated circuit chip 88 The amplifier of claim 1 wherein said charge-pump 

of FIG 4. means is a standard voltage multiplier circuit without 

The "chkrge pump 87 may be identical to the first the output capacitor. m ^ i 

charge pump 54, eg that of FIG. 3 in the driver circuit The amphficr of claim 1 whcrem said substontoal 

FIG 2, except that the insignificant stray capacitance at fo^rce mipedance of said charge-pump-means omput^ 

the output of the second^ge pump 87 wUl have enough that the voltage drop across it due to 

essentially no smoothing effect. In this case, the Theve- « curr^t flowing through said f ^«?;P;^P;"^ 

mnequivalentvoltage89ofchargepump87willalsobe P"^^r''^''^'''!^f!l^ 

abom4Vcc but sin^ the stray wpacitiice Cs will be °«^P«^ ^ ^0 percent 

smaU the Thevenin source resistance 91 will be much P^P «>P«»^ approxmiatdy as a pulseKnirrcnt 

larger than that 20 T An integrated driver circuit of the kind formed in 
gcK)d common-mode rejecuon of the clock noise ^ ^ui^on chip^hat includes (a) a driver transistor having 
from the charge pumps. j terminal and two output terminals; (b) a sup- 
Consequently, m view of the larger sourcj resistance ^^^^ ^ ^^^^ P^ driver-iransistir 
91 in charge pump 87 a larger common-mode rejection ^^J^ ^ comiected; (c) a driver-circuit out- 
of those common-mode puk^js provided m amphfier *' ^ ^^i^j, ^^e other of said driver-transistor 
«6(than mamphfier40 ofFIG.2). output terminals is connected and to which an external 
The charge pump 87 may have its output directly driver load may be connected; and (d) a linear amplifier 
connected to the sources of the differential pair of means having one input connected to said driver circuit 
NMOS transistors 42 and 44. but it is preferred to make ^^^p^^ including one high-impedance output 
that connection through the PNP transi^or 94 havmg 3^ connected to said driver-transistor input terminal, for 
its base connected to the gate of the NMOS driver regulating the voltage at said driver-circuit output pad, 
transistor 32. In this way the PNP transistor provides therein the improvement comprises: 
even a higher source impedance and thus ampUfier 86 charge pump circuit means connected to said 
has even a greater common-mode rejection. The ampli- supply voltage pad for receiving excitation there- 
ficr 86 which sinks the first charge-pump current Icp 35 and having a high-impedance output con- 
now has gain only at the switching instant when a pulse nected to said one output of said amplifier means 
of charge-pump current Icp' from the second charge providing an energizing voltage and load unpe- 
pump 87 is present. Also, the charge pumps 54 and 87 dance to said one output of said amplifier means, 
preferably share the same clock 60 as shown in FIG. 4. 3^ ^ linear amplifier means being additionally for 
The use of a separate charge pump 87 for energizing 40 sinking the output current from said one charge 
the differentia] amplifying transistors, the employment pump means, said energizing voltage of said one 
of the PNP transistor 94 for making that connection and charge pump means being a series of voltage pulses 
the synchronous clocking of the two charge pumps, having a peak amplitude that is substantially 
although not essential, are all contributors to reduction greater »ba« a DC supply voltage that may be ex- 
of "clock'* noise appearing at the gate of the NMOS 45 temally applied to said supply voltage pad. 
driver transistor 32. 7. The integrated driver circuit of claim 6 wherein 
What is claimed is: said driver transistor is a field effect transistor. 
1. A linear voltage amplifier circuit comprising: g. The integrated driver circuit of claim 6 wherein 
a DC voltage supply conductor; said linear amplifier means includes a differential- 
a final amplifier stage having a high impedance-out- 50 amplifier stage with two inputs, one of said two inputs 
put; corresponding to said one input connected to said 
an oscillator for producing signal pulses; driver circuit output pad, so that the load current in said 
a charge pump circuit means connected to said DC driver transistor will be regulated with respect to a 
voltage supply conductor for being energized voltage that may be ^plied to the other of said two 
th^efrom, having an input connected to said oscil- S5 inputs of said differential amplifier stage, 
latbr, and having an ouq>ut with a substantial 9. The integrated driver circuit of claim 8 wherein 
source impedance, said differential-amplifier stage mcludes a pair of differ- 
for producmg, at said charge-pump-means output entially connected field effect transistors, the gates of 
under open circuit conditions, voltage pulses at the said pair of transistors corresponding to said two inputs, 
frequency of said oscillator signal pulses, isaid volt- 60 respectively; said driver circuit additionally comprising 
age pulses having peak values substantially greater a standard current source connected between said volt- 
than the voltage applied to said DC voltage supply age supply pad and the sources of said differentiaUy 
conductor, said high impedance-output of said final connected fiield effect transistors, 
amplifier stage being connected to said charge- 10. The integrated driver circuit of claim 8 wherein 
pump-means output, said substantial source impe- 63 said one output of said linear amplifier-means has a 
dance of said output of said charge pump circuit sourc&'impedance which is commensurate with the 
means serving as a load to said final-amplifier-stage source impedance of said one charge-pump-means out- 
transistor and the hi^ voltage pulses of said put, said linear amplifier means including another out- 
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put having a low-iinpedance» and said driver circuit 
additionally comprising a second charge pump means 
connected to said supply voltage pad for receiving exci- 
tation therefrom and having an output connected to said 
another output of said linear amplifier means for provid- 
ing energizing voltage pulses and a high-impedance 
load to said another output of said amplifier means. 

11. The integrated driver circuit of claim 10 wherein 
said differential-amplifier stage is the first linear- 
amplifier stage, said two differentially connected field 
effect transistors having their sources connected to the 
circuit point corresponding to said another low-imped- 
ance output of said linear amplifier means. 
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12. The integrated driver circuit of claim 10 addition- 
ally comprising an oscillator having an output con- 
nected to said one and to a second charge pump means 
for synchronously clocking said charge pump means. 

13. The integrated driver circuit of claim 10 addition- 
ally comprising a synchronizing transistor means 
through which said output of said second charge pump 
means is connected to said another output of said linear 
amplifier means; said synchronizing transistor having 
means being further connected to said output of said 
one pulsing charge pump means for effecting connec- 
tion between said second charge pump means and said 
linear amplifier means only during periods when there 
exists one of said pulses in said one charge pump means. 

* • • • * 
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ABSTRACT OF THE DISCLOSURE 

An apparatus for converting the output of a positive DC 
voltage source to a negative DC voltage of lower magni- 
tude across a load having a common reference point with 
the source where a pluraliy of capacitors are charged in 
senes and discharged in parallel. Half wave rectifier means 
connecting the plurality of capacitors in series and m par- 
allel and first and second transistor switches extending 
between the positive terminal of the DC source and 
ground for alternately connecting one end of the capaci- 
tance circuit to the positive terminal of the DC source 
and ground. Unidirectional conducting means connecting 
the opposed end of the capacitance circuit to ground and 
to the load so as to steer the charging current to ground 
and to steer the discharging current through the load. 



ORIGIN OF THE INVENTION 
The invention described herein was made by employees 
of the Um'ted States Government and may be manufac- 
tured and used by or for the Government for govern- 
mental purposes without the payment of any royalties 
thereon or therefor. 

BACKGROUND OF THE INVENTION 
This invention relates generally to voltage conversion 
and more particularly to devices for converting positive 
direct current voltage to negaUve direct current voltage 
of lower amplitude. 

In many applications there exists the need for chang- 
mg the magnitude and polarity of a positive direct current 
voltage source to obtain a negative secondary source that 
•IS referenced to the same ground as the primary source. 
Fbr example, in spacecraft vehicle installations it is gener- 
ally necessary to step down the 28 volt direct current 
source usually installed therein to obtain a low level nega- 
tive power supply to power operational amplifiers. Also 
because of the common use of direct coupled circuitry in 
operaUonal amplifiers a common reference point between 
the positive DC source and the negative secondary source 
IS required. The usual method is to use a DC to AC con- 
verter coupled to a transformer, and a rectifier coupled 
to the output thereof to provide a direct current output. 
These devices are quite expensive, bulky and are usually 
very heavy, all of which limitations are of considerable 
importance particularly in spacecraft vehicle installations. 

Accordingly, one of the objects of this invention is to 
provide apparatus for changing the magnitude and polar- 
ity of a direct current voltage without the use of trans- 
formers. 

Another object of this invention is to obtain a second- 
ary source of power wherein the secondary source has a 
common reference point with the primary source. 



SUMMARY OF THE INVENTION 

According to . the present invention it has been found 
that a positive to negative DC converter can be made 

5 which has none of the aforementioned shortcoming by 
employing a plurality of capacitors that are adapted to 
be alternately charged by a DC source while in series arid 
discharged to a load having a common ground with the 
DC source while in parallel. The use of a capacitance cir- 

10 cuit is made possible by the novel technique of connectmg 
the capacitors in series and in parallel by half wave recti- 
fier means so as to provide a conunon point that may be 
alternately connected to the positive terminal of the DC 
source and ground. This technique coupled with the use 

16 of half wave rectifiers for steering the capacitor charging 
current to ground and for steering the capacitor dischai^ 
current to the load permiu the development of a negative 
voltage across the load that is referenced to the same 
ground as the DC source. 

20 

DESCRIPTION OF THE DRAWINGS 

The invention, both as to its organization and operation 
together with further objects and advantages thereof may 
best be understood by reference to the following descrip- 
fion taken in accordance with the accompanying drawing 
in which: 

FIGURE 1 is a schematic representation of one em- 
bodiment of the invention; and 
30 ^^H^E 2 is a schematic representation of another 
embodiment of the invention showing how various ratios 
of input voltage to output voltage may be achieved. 

DESCRIPTION OF THE EMBODIMENT 

25 In FIGURE 1 there is shown a source of direct current 
11, the output voltage of which is to be converted to a 
different magnitude and polarity. A pair of equal capaci- 
tance electrical capacitors 13 and 15 connected in series 
by half wave rectifier 17, are connected across the termi- 

40 nals of source 11 by means of NPN transistor 19, half 
wave rectifier 21 and current limiting resistor 23. The 
collector of transistor 19 is connected to the positive 
terminal of source 11 and the emitter of transistor 19 is 
connected to terminal 26 of capacitor 13 and to the anode 

45 of half wave rectifier 25. The base of transistor 19 is con- 
nected to the positive terminal of the voltage source It 
by resistor 27 and is also connected to the cathode of 
rectifier 25. Terminal 22 of capacitor 15 is coupled to the 
anode of rectifier 21 while the cathode of rectifier 21 is 

5Q coupled to the negative terminal of the source 11 by resis- 
tor 23 and lead 39. 

To provide means for connecting capacitor 13 and 15 
in parallel configuration with the load 29, half wave recti- 
fiers 35 and 45 are provided. Terminal 31 of capacitor 15 

55 is connected to terminal 26 of capacitor 13 by rectifier 
35 and terminal 22 of capacitor 15 is connected to termi- 
nal 47 of capacitor 13 by rectifier 45. Terminal 26 of 
capacitor 13 is connected to the collector of NPN tran- 
sistor 33 by rectifier 25 while the emitter of transistor 33 

60 is connected to terminal 37 of load 29 and to the negative 
terminal of the DC source 11 by lead 39. A filter capac- 
itor 49 is connected across the load terminals 37 and 41 
and terminal 41 is connected to the anode of rectifier 43. 
The cathode of rectifier 43 is connected to junction 22 of 

65 capacitor 15. 
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To contrd the ccaduction of transistor switches 19 
and 33/a reversible pcdarity control voltage source 51, 
such as a sine wave generator, is provided. The voltage 
appearing across the output terminals 53 and 55 of the 
control voltage source is applied across the serial con- 
nection of resistors 57 and 59. The midpoint of resistors 
57 and 59 is connected to the base of transistor 33 and 
output terminal 55 of the control voltage source 51 is 
connected to the emitter of transistor 33 by lead 39. 

Transistors 19 and 23 are operated in either the fully 
on or fully off condition, synchronized in a 180 degree 
phase relationship so that when transistor 19 is conduct- 
ing transistor 33 is nonconductive and when transistor 19 
is nonconductive transistor 33 is conductive. In operation 
on the negative half cycle of the control voltage source 
51 terminal 53 will be negative with respect to terminal 
55 and a reverse bias will be applied to the emitter^ase 
electrodes of transistor 33 causing transistor 33 to be 
nonconductive. The potential of the collector electrode 
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ducting and being discharged to the load 129 when tran- 
sistor 133 is conducting and transistor 119 is nonconduc- 
tive. A voltage conversion of 3:1 is effected in this man- 
ner since the voltage across each of the capacitors is one- 
third that of the total vdtage across the capacitors when 
they are in series connection. 

It will now be seen that the present invention provides 
very efficient means of converting a positive DC voltage 
to a negative DC voltage of lower amplitude wherein 
the second source Is referenced to the same point as the 
primary source. Also, it is seen that the conversion is ac- 
complished without the use of transformers. 

The invention is not to be restricted to the specific 
structural details, arrangement of parts, or circuit con- 
nections herein set forth, as various modifications therein 
may foe effected without departing from the spirit and 
scope of this invention. 

What is claimed is: 

L Apparatus for converting a positive direct current 



of transistor 33 will rise sufficiently to allow emitter- 20 voltage to a negative direct current voltage of lower mag- 



base current to flow in transistor 19, causing transistor to 
assume a folly on state of conduction and terminal 26 of 
capacitor 13 will be effectively connected to the positive 
terminal of the DC source 11. 

The capacitors 13 and 15 will thus be charged in series 
to substantially the output voltage of source 11 through 
the current path consisting of the collector emitter path 
of transistor 19, capacitor 13, rectifier 17, capacitor 15, 
rectifier 21 and current limiting resistor 23 with the volt- 
age across each capacitor equal to one half of the source 
voltage. It will be understood that resistor 23 is provided 
to protect transistor 19 and rectifiers 17 and 21 from a 
current in excess of their rated peak instantaneous cur* 
rent when capacitors 13 and 15 are initially connected 
across the source m an uncharged state. 

On the positive half cyde of the control voltage source 
51 terminal 53 will be positive with respect to terminal 
55 allowing emitter base current to flow in transistor 33 
to switch transistor 33 to a fully on state of conduction. 
With transistor 33 fully on, transistor 19 will be switched 
to a fully off state and terminal 26 of capacitor 13 will be 
disconnected from the positive terminal of the DC source 
11 and simultaneously connected to terminal 37 of the 
load 29 and to the negative termmal of the DC source 
11 by lead 39. 

Capacitor 13 will thus partially discharge through rec- 
tifier 25, the emitter-collector path of transistor 33, lead 
39, the load 29, rectifier 43 and rectifier 45 while capaci- 
ty 15 will partially discharge through rectifier 35, recti- 
fier 25, the collector emitter path of transistor 33, lead 
39, the load 29 and rectifier 43. Since the capacitors 13 
and 15 are in parallel connection through rectifiers 45 and 
35 while being discharged, the negative output voltage 
presented to the load is substantially one half the voltage 
of the source 11. Preferably the switching action of tran- 
sistors 19 and 33 is at an extremely rapid rate so that 
capacitor 49 can readily eliminate variations in the volt- 
age across the load produced by the switching action de- 
scribed above. 

Manifestly, the additicm of additional sectioos of ca- 
pacitors and half wave rectifiers will provide conversion 
mtios proportional to the number of sections added. For 
example, the embodiment shown in FIGURE 2 illustrates 
the manner of connection when it is desired to obtain a 
ratio different from 2:1, in this case the conversion ratio 
is 3:1. As shown in FIGURE 2, wherein reference num- 
erals having the same last two digits designate identical 
component parts, an additional capacitor 161 is provided 
which is connected in series with capacitors 113 and 115 
by half wave rectifier 163 and is connected in parallel 
with capacitors 113 and 115 by rectifiers 165 and 167. 

The operation of this embodiment b the same as that 
of FIGURE 1, the capacitors 113, 115 and 161 being 
connected in series through rectifiers 117 and 163 when 
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transistor 119 is conducting and transistor 33 is noncon- 75 means includes: 



nitude comprising: 
a plurali^ of capacitor means; 
firet half wave rectifier means connecting said capaci- 
tor means m series; 
second half wave rectifier means coimecting said ca- 
pacitor means in parallel; 
a DC source; 

a load having a common reference pomt with said 
DC source; 

means coupling said serial connection of capacitor 
means across said DC source, including third recti- 
fier means and first switch means, for providing a 
charging current path for said capacitor means; 

means coupling said parallel connection of capacitor 
means across said load mduding fourth rectifier 
means and second switch means for providing a dis- 
charging current path for said capacitor means; and 

means actuating said first and second switch means in 
180 degree phase relationship. 

2. Apparatus for converting a positive direct current 
voltage to a negative direct current voltage source of 
lower magnitude comprising: 

a direct current voltage source having positive and 
negative output terminals; 

a load having first and second input terminals; 

means connecting said first load input tenninal to said 

> negative direct current source output tenninal; 

a switching terminal; 

a plurality of capacitor means; . 

firat half wave rectifier means connecting said capad- 
tor means in series; 

second half wave rectifier means connecting said ca- 
pacitor means in parallel; 

third half wave rectifier means connectmg said serial 
connection of capacitor means between said switch- 
ing terminal and said negative direct current source 
output terminal; 

fourth half wave rectifier means connecting said paral- 
lel connection of capacitor means between said sec- 
ond load input terminal and said switching terminal; 
and 

means for effectively transferring the. switching termi- 
nal back and forth between the positive direct cur- 
rent source output tenninal and the first load input 
terminal to charge said capacitor means through 
said first and third half rectifier means when the 

- connection of said switching terminal is to the posi- 
tive direct current output terminal and to dischai^ 
the capacitor means through said' second and fourth 
half wave rectifier means when the connection of 
said switching termuial is to the first load input ter- 
minal. 

3. The apparatus of claun 2 wherein said last named 
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a first transistor switch connecting said switching ter- 
minal to said positive direct current output terminal; 
a second transistor switch connecting said switching 

terminal to said first load input terminal; and 
control means for driving said first and second tran- 
sistors alternately tetween cut-off and saturation in 
180 degree relationship to one another. 
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[57] ABSTRACT 

A regulated powjcr supply is provided capable of ener- 
gizing various components of a control system. The 
regulated power supply includes a negative power 
supply which comprises an astable multivibrator and a 
diode-capacitor matrix for directly converting a posi- 
tive voltage to a regulated negative voltage. 
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REGULATED POWER SUPPLY WITH DIODE current flow through resistor 102 plus the emitter cur- 

CAPACITOR MATRIX rent of transistor 100 establishes the reference voltage 

This is a divisional of application Ser. No. 131.624 for the Zener diode 104 which in this case is plus 6.8 

filed Apr. 6, 1971. volts. The base of transistor 100 provides a feedback 

An object of the present invention is to provide a S network for the power supply and is connected to a pair 

new and improved control system for controlling the of resistors 106 and 108 which form a voltage divider 

energy directed from a power source to a load includ- network have values such that line 110 will always be a 

ing a regulated negative power supply comprising an plus 15 volts and the base of transistor 100 will be at 

astable multivibrator and a diode-capacitor matrix con- g.g volts plus the base emitter voltage drop of transistor 
nected to the astable multivibrator for inverting the *0 lOO. An increase in the potential at the base of 

positive voltage supplied to the astable multivibrator transistor 100 will tend to decrease the potential at the 

direcUy to a rcguUted negative voltage. emitter of transistor 98 and a decrease in potential at 

A further object of the present invention is to pro- base of transistor 100 will tend to increase the 
vide a power supply for producing a regulated voltage potential at the emitter of transistor 98 to thereby hold 
including a power source, an astable multivibrator hav- »^ ij^^ HO at plus 15 volts. Thus, the transistors 98 and 
ing a first gate and a second gate, each of the gates cooperate to form a negative feedback amplifier 
being connectable to the power source and having first utilizing zener diode 104 as a reference, 
and second output conditions the first gate having the ^ battery 12 is connected to the positive power 
first output condition when the second gate has the , 94 ^ a diode 118 which acts as an isola- 
second output condition and the first gate having the ^^^^ jj^^ „^ ,^3 ^^^^ ^. 
second output cond.Uon when the second gate has the ^^^j^ j„ y^e power supply. When positive pulses oc- 
first output condition, first energy storage means con- ^^^^^^ j„ ^^^^^ cooperate with the capacitor 
nected to the output of the first gate second energy ^^^^ ^ attenuation circuit for the base of 
storage means connected to the output of the second t^„sfetor 98 and resistors 124 and 126 and capacitor 
gate, third energy storage means connected to the first ^^8 form a noise attenuation circuit for the colle^or of 
and second energy storage means and operable to ^^^^^.^^^^ ^.^^^ ,^ ^^^.^^^ ^^^.^ ^^^^ 
apply a predetermined voltage, the first energy storage ^.^^ ^^.^ different potentials 
means chargmg when the first gate IS in the first condi- u u • . 1 / ,0 o« , 
*• • jj- 1. u *i: £ ^ . • ■ J which may range approximately from 1 8 to 80 volts a 
tion and discharging when the first gate IS in the second in . /^a < \ 
condition, tlie second energy stor^e means charging 1"'"P'=^ ,"0 .s provided to bypass resistor 119. 
when the second gate is iii the first condition and G«'""f y.whenthepowersupply9f .s used with a bat- 
discharging when the second gate is in the second con- ",''"^'"8 « .P"'*''*"'' ^^"^ volts the jumper 
dition. the third energy storage means being charged by ^ ""j'^t**' but .f a battery potential below 
the first energy storage means when the first gate U in 35 " ^T^'i ^ 
the second condition and being charged by the second '^^^ 
energy storage means' when the second gate is in the ^"l!: .... 

second condition, the third energy storage means being ^^i'^*' e outputs of thi^positive power supply 94 

charged by the first and second energy storage means 15 volts along Imc 110. plus 12 volts along line 
to the predetermined voltage and regulating means 40 "2rplus 6:8 volts along Uhe 114 and ground jwtcm^^^ 

connected across the third energy storage means for atongl»nc 116, The 12 volt output sdong line It2is6b- 

regulating the voltage applied by the third energy tained by applying the. 15 volt supply across the Zener 

storage means. diode .132. A rwistor 134 is scriies connected with the 

Further objects and advantages of the present inven- Zener diode 13i to. limit the cUirent flow to the Zencir 

tion will become apparent from the following detailed 45 ^^^V 

description of the present invention taken in conjiinc- : . ^^^^^ many control system utUize operational am: 

tion with the following drawings wherein: plificrs in stable high gain circuits, the provision of a 

no. 1 is a schematic illustration of the positive negative power supply to operate the amplifiers is criti- 

power supply; cal. The common -way of producing a negative power 

FIG. 2 is a schematic illustration of the negative 50 supply is to utilize an inverter to drive a small trans- 
power supply; former. However, the utilization of a transformer yields 

A regulated power supply is provided to energize the » bulky and costly configuration. The present control 

various components of a control system. The power system utilizes an astable multivibrator for driving a 

supply includes a positive power supply '94 and a nega- diode-capacitor matrix illustrated in FIG. 2, which in- 

tive power supply 96. The positive power supply 94 has verts the positive power supplied to the multivibrator 

three outputs therefrom having potentials of plus 12 directly to a negative voltage. This method is not only 

volts, plus 6.8 volts and 1 5 volts. The negative power economical but also requires very little space, 

supply has a single output of a minus 6.8 volts. . The astable multivibrator includes a pair of NAND 

. The positive power supply 94 which is more fully il- gates 142 and 144 each having a plus 15 volt input from 

lustrated in FIG. 1. includes transistors 9S and 100. the positive power supply 94. A pair of capacitors 156 

Transistor 98 is a series-regulating variable-impedance and 148 introduce feedback to the astable multiyibra- 

transistor whose conductivity is controlled by the col- tor. Resistors -150 and 152 are respecttveiy connected 

lector current of transistor 100. A resistor 102 is .con- to the input of the NANDgate 142 and the NAND gate 

nected between the emitter of Uaiisi8tor 98 and the 144. The resistors 150 and 152 are unequal to assure 

emitter of transistor 100. The resistor 102 limits the starting of the multivibrator formed by the NAND 

amount of current flowing through Zeiier diode .104 gates 142- and 144 upon the application of a potential, 
which is connected to the emitter of transistor' 100. The ' thereto. When the- output, of the NAND gate 142 is 
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high, the output of NAND gate 144 will be low and said first output condition, first energy storage means 

conversely when the output of NAND gate 144 is high connected to the output of said first gate, second ener- 

the output of NAND gate 142 will be low. gy storage means connected to the output of said 

Connected to the output of gate 142 is a resistor 154 second gate, third energy storage means connected to 
and a capacitor 156. Capacitor 156 is connected S said first and second energy storage means and operar 
through diode 158 to a capacitor 160. Connected to ble to apply a predetermined voltage, said first, energy 
the output of gate 144 is a resistor 162 and a capacitor storage means charging when said first gate is in said 
164. The capacitor 164 is connected to the capacitor first condition and discharging when said first gate is in 
160 through a diode 1^6. When the output of gate 142 said second condition, said second energy storage 
is high, the capacitor 156 will charge, to approximately means charging when said second gate is in said first 
15 volts with a polarity indicated by the plus sign in condition and discharging when said second gate is in 
FIG. 2, through resistor 154 and through a diode 168 said second condition, said third energy storage means 
which is connected to the ground. When the output of being charged by said first energy storage means when 
gate 142 goes to low or ground, the capacitor 156 will said first gate is iii said second condition and being 
attempt to discharge through the path including the charged by said second energy storage means when 
output of gate 142, resistor 154, diode 158 and capaci- said second gate is iii said second condition, said third 
tor 160. The result of discharging of capacitor 156 energy storage means being charged by said first and 
through capacitor 160 is that the charge on capacitor second energy storage means to said predetermined 
156 wiU be distributed between capacitors 160 and 156 20 voltage, and voltage regulating means connected across 
according to the law of division of charge for capaci- said third energy storage nieans for regulating the volt- 
tors. The polarity of. the charge applied to capacitor age applied by said third energy storage means. 
160. by capacitor 156 will be that shown by the plus sign 2. A power supply, for producing a regulated voltage 
in FIG. 2 associated with capacitor 160. as defined in claim 1 wherein said first energy storage 

While capacitor 156 is charging capacitor 160, the 25 means includes a first capacitor, said second energy 

NAND gate 144 will be in its high state charging storage means includes a second capacitor, aiid said 

capacitor 164 through the path including resistor 162 third energy storage means includes a third capacitor^ 

and a diode 170 which is connected to ground. The said third capacitor being charged to a predetermined 

capacitor 164 will be charged to approximately 1 5 volts negative voltage with respect to the power source, 
with the polarity indicated by the plus sign in FIG. 2 as- 30 3. A power supply for producing a regulated voltage 

sociated with capacitor 164. When the astable mulr as defined in claim 2 further including a first diode hav^^ 

tivibrator changes state again and the output of gate ing its cathode connected to said first capacitor and its 

144 goes to ground, the capacitor 164 will discharge anode connected to said third capacitor, and a secpnd 

through the path consisting of the output of gate 144, diode having its cathode connected to said second 

resistor 162, diode 166 and capacitor .160. The capacitor and its anode connected to said third capaci- 

discharging oif^ capacitor 164 will again charge the tor, said first and second diodes controlling the floW of 

capacitor 160 to a polarity indicated by the plus sign in current to said third capacitor to enable said third 

FIG. 2. Thus, it should be apparent that the capacitor capacitor to be charged . to the negative voltage with 

156 will charge capacitor 160 during half of the period respect to the power source. 

of oscillation of the astable multivibrator and capaicitor 4. A power supply for producing a.regulated voltage 
164 will charge capacitor 160 during the other half of as defined in claim 3 further including, a third diode 
the period. The result is a full wave output applied jtb having its anode connected to said first capacitor and 
capacitor ,160. Connected across capacitor 160 is a its cathode connected to ground, a fourth diode having 
Zener diode 172 having its cathode connected to the 45 its anode connected to said second capacitor and its 
ground line. The Zener diode regulates the output from cathode connected to a ground aiid wherein said, volt- 
capacitor 160 to line 140, the output line of the nega- age regulating means includes a Zener diode connected 
tive power supply 96. A resistor 174 is connected to the across said third capacitor for regulating the -voltage 
anode of the Zener diode 172 to limit the current . output therefrom. 

through the diode. Accordingly, the line 140 maintains SO 5. A regulated power supply for producing a regu- 
a minus 6.8 volt potential thereon from capacitor 160;. lated voltage comprising, a positive power source for 
This power supply includes a positive power supply establishing a positive potential, an astable multivibra- 
and a negative power supply for energizing various tor connected to the positive power source, a diode- 
system components. The negative power supply in- capacitor matrix connected to the output of said asta- 
cludes an astable multivibrator and a diode-capacitor ble multivibrator for inverting the positive potential 
matrix which operates to directly invert a positive volt- supplied to said astable multivibrator directly to a nega- 
age. to thereby provide a negative voltage at the output tive voltage and voltage regulating means connected to 
terminal thereof. said diode capacitor matrix for regulating said negative 
I now claim: voltage established by said diode capacitor matrix, 
1. A power supply for producing a regulated voltage ^ wherein said astable multivibrator includes a first gate 
comprising, a power source, an astable multivibrator and a second gate, said diode-capacitor matrix ihclud- 
haviiig a first gate and a second gate, each of said gates ing a first capacitor connected to the output of said first 
being connectable to the power source and having first gate, a first diode having its cathode connected to said 
and second output conditions, said first gate having first capacitor, a third capacitor connected to' the 
said first output condition when said second gate has anode of said first diode, a second capacitor connected 
said second output condition and said first gate having to the output of said second gate, and a second diode 
said second output condition when said second gate has having its cathode connected to said second capacitor, 
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said third capacitor being connected to the anode of 
said second diode and applying a negative voltage. 

6. A regulated negative power supply for use with a 
power source as defined in claim 5 wherein said voltage 
regulating means includes a Zener diode connected S 
across said third capacitor for regulating the negative 
voltage applied by said third capacitor. 
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[571 ABSTRACT 

A voltage multiplier comprising a pair of input termi- 
nals adapted for connection to a source of voltage to 
be multiplied and a plurality of circuit branches con- 
nected in parallel with the terminals, each of the 
branches including a capacitor and resistance means 
for developing a voltage on the branch. A pair of out- 
put terminals adapted to be connected to a load are 
connected in series with one of the capacitors 
whereby the path of current charging that capacitor is 
through the load. A corresponding plurality of con- 
trolled switches such as transistors are connected to 
corresponding ones of the capacitors, and the switches 
and capacitors are connected together to deflne a se- 
ries discharge path including the pair of output termi- 
nals when the switches arc operated by trigger means 
in the form of a pulse generator connected to the con- 
trol terminal of each of the switches. The voltage mul- 
tiplier can be provided with regulating means in the 
form of a potentiometer connected to the output ter- 
minals and in controlling relation to a transistor switch 
for disconnecting the trigger means when the voltage 
on the output terminals reaches a predetermined mag- 
nitude. 
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HIGH-PERFORMANCE LOW-NOISE 
CHARGE-PUMP FOR VOLTAGE 
CONTROLLED OSCILLATOR 
APPLICATIONS 

5 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

This invention generally relates to CMOS transistor cir- 
cuitry and, more particularly, to an improved differential 
charge-pump suitable for use in a phase-locked loop (PLL) 
control system. 

2. Description of the Related Art 

FIG. 1 is a schematic block diagram of a conventional 
phase locked loop (prior art). A phase detector (or frequency 
detector) receives a first input signal, such as might be 
supplied on a serial data stream or a clock source, and 
compares it to a second input signal supplied by the divider. 
The phase detector (PD) generates an output that is respon- 
sive to difference in timing between the two input signals. 
The chaige-pump is typically added to improve the response 
of the PLL, as the phase detector output does not necessarily 
have enough drive to instantaneously charge (or discharge) 
the loop filter reactances. The loop filter is typically a 
low-pass filter, and is used to control the overall loop 
response. The voltage controlled oscillator (VCO) supplies 
an output frequency that is responsive to the input voltage 
level. The loop is locked when the phase detector inputs 
match. The divider may be inserted in the path between the 
VCO and the phase detector. 

Charge-pump PLL architecture offers two important 
advantages: 1) the capture range is only limited by the VCO 
output frequency range; 2) the static phase error is zero if 
mismatches and offsets are negligible, as the charge -pumps 35 
provide an infinite gain for a static phase difference at the 
input of the PFD. A wide acquisition range is often necessary 
because the VCO center frequency may vary considerably 
with process and temperature. In many applications, the 
acquisition range of a conventional PLL is inadequate. Since 40 
the output of charge-pump is directly connected to the loop 
filter, the VCO performance is highly dependent upon the 
quality of charge-pump. Noise generated or transferred by 
the chaige-pump appears as VCO phase noise. Furthermore, 
a low output swing charge-pump translates into a smaller 45 
VCO mning range, and smaller PLL acquisition range. To 
build a PLL with low jitter and a large capture range, a high 
performance low-noise chaige-pump is required. 

FIG. 2 is a schematic drawing illustrating a conventional 
differential charge-pump (prior art). Any noise generated by 50 
power supplies, radiated frequency sources, or conducted 
frequency sources, introduced into PLL signal voltages, can 
be translated into VCO frequency jitter. These noise sus- 
ceptibilities can be reduced through the use of differential 
signals. Noise that becomes superimposed on a differential 55 
signal is effectively cancelled. To that end, differential 
charge-pumps have been designed to condition the differ- 
ential outputs of a phase detector. 

FIG. 3 is a timing diagram illustrating the output of the 
phase deteaor in the lock condition (prior art). Tref is the 60 
total time period of reference clock and Treset is the reset 
pulse width for avoiding death zone in phase detector. As 
shown in FIG. 2, the outputs of the charge-pump, Vout+ and 
Vout-, are always connected to loop filter, during both the 
Treset and Ts periods. In other words, the noise contributed 65 
from charge-pump is added to the VCO control voltage, 
through the loop filter, at all times. Obviously, this archi- 
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tecmre can be a source of jitter. The other drawback of this 
approach is that the output voltage range is limited by both 
p-type and n-type current sources: Icp and Icn. In general, 
those current sources con^t of cascaded transistors with 
small voltage output swings. 

It would be advantageous if a differential charge-pump 
could be made more responsive for use in large output 
voltage swing PLL applications. 

It would be advantageous if a differential charge-pump 
could be disconnected from the loop filter when a PLL was 
locked, to reduce VCO jitter. 

SUMMARY OF THE INVENTION 

The present invention is an improved differential chaige- 
pump. The fully differential charge-pump provides a lower 
output noise and increased output swing, as compared to 
conventional designs. The performance of the improved 
charge-pump makes it suitable for use in CMOS OC-192 
transceiver applications, for example. 

Accordingly, a method is provided for conditioning the 
phase detector output in a PLL including a phase detector, a 
charge-pump, and a loop filter, llie method comprises: 
accepting a pair of differential phase detector (PD) output 
signals (upAipb and dn/dnb); connecting each pair of differ- 
ential PD outputs to first and second charge-pump differen- 
tial sections; supplying differential charge-pump outputs 
(Vout+/Vout-) in response to the pair of differential PD 
output signals; and, disconnecting the charge-pump differ- 
ential section outputs from the loop filter inputs when the PD 
differential outputs (up/dn and upb/dnb) are equal (when the 
loop is locked). 

In some aspects, supplying differential charge-pump out- 
puts (Vout+Abut-) in response to the pair of differential PD 
output signals includes sourcing a first current through the 
first charge-pump differential section and sourcing a second 
current through the second charge-pump differential section. 
Then, the method further comprises maintaining the first 
current equal to the second current. 

Additional details of the above-described charge-pump 
are provided below. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic block diagram of a conventional 
phase locked loop (prior art). 

FIG. 2 is a schematic drawing illustrating a conventional 
differential charge-pump (prior art). 

FIG. 3 is a timing diagram illustrating the output of the 
phase detector in the lock condition (prior art). 

FIG. 4 is a schematic diagram of the present invention 
PLL charge-pump. 

FIG. 5 is a schematic illustrating exemplary impedance 
enhancement circuitry, such as may be used to enable the 
impedance enhancement circuit of FIG. 4. 

FIG. 6 is a schematic illustrating an exemplary differential 
amplifier, such as might to used to enable the first differential 
amplifier (An) of FIG. 5. 

FIG. 7 is a schematic block diagram depicting the present 
invention phase-locked loop (PLL). 

FIG. 8 is a flowchart illustrating the present invention 
method for conditioning a phase detector output, in a PLL 
including a phase detector, a charge-pump, and a loop filter. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENTS 

FIG. 4 is a schematic diagram of the present invention 
PLL charge-pump. The charge-pump 100 comprises a first 
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dififerential section 102 including two cascaded transistor 
pairs 104 and 106. A first unity-gain operational amplifier 
(op amp) 108 is interposed between the cascaded pairs 104 
and 106. An output (N^ut+) is connected to a loop filter first 
pan on line 110. Each transistor is connected to a corre- 
sponding one of a pair of differential phase detector outputs 
(up/upb and dn/dob). That is, transistor 112 is connected to 
up, traasistor 114 is connected to dab, transistor 116 is 
connected to upb, and transistor 118 is connected to dn. 

A second differential section 120 includes two cascaded 
transistor pairs 122 and 124, with a second unity-gain op 
amp 126 interposed between the cascaded pairs. An output 
(Vout-) is connected to a loop filter second port on line 128, 
differential to the first differential section first output on line 
110. Each transistor is connected to a corresponding one of 
the pair of differential phase detector outputs (up/upb and 
dn/dnb). That is, transistor 130 is connected to dn, transistor 
132 is connected to upb, transistor 134 is connected to dnb, 
and traasistor 136 is connected to up. 

A first impedance enhancement circuit 138 sources cur- 
rent for the first and second differential sections 102/120. A 
common-mode feedback circuit (CMFB) 140 has differen- 
tial inputs connected to the first and second differential 
section outputs (Vout+/Vout-) on lines 110 and 128, 
respectively, and an output (Vcmfb) on line 142. A common- 
mode feedback stabilizing filter 144 is interposed between 
common-mode feedback circuit output (Vcmfb) on line 142 
and the first and second differential section outputs (Vout+/ 
Vout-) on lines 110 and 128, respectively. 

FIG. 5 is a schematic illustrating exemplary impedance 
enhancement circuitry, such as may be used to enable the 
impedance enhancement circuit 138 of FIG. 4. The first 
impedance enhancement circuit 138 includes a cascaded 
transistor pair 200 connected to source current for the first 
differential section (at node A). A cascaded transistor pair 
202 is connected to source current for the second differential 
section (at node B). A first differential amplifier 204 (An) is 
interposed between the transistors pairs 200/202. 

More specifically, a first field effect transistor (FET) 206 
has a drain connected to the first differential section (at node 
A). The "arrows'* represent the FET source. An arrow 
pointing towards the gate represents a PMOS FET, while an 
arrow pointing away from the gate represents an NMOS 
FET. A second FET 208 has a drain connected to the first 
FET 206 source, a source connected to a reference voltage 
supply (Vss), and a gate connected to a first bias voltage 
(Vbiasl). A third field FET 210 has a drain connected to the 
second differential section at node B. A fourth FET 212 has 
a drain connected to the third FET 210 source, a source 
connected to the reference voltage supply (Vss), and a gate 
connected to the first bias voltage (Vbiasl). 

The first differential amplifier 204 includes a positive 
input (Vin+) connected to the source of the third FET 210, 
a negative input (Vin) connected to the source of the first 
FET 206, a positive output (V +) connected to the gate of the 
first FET 206, and a negative output (V-) connected lo the 
gate of the third FET 210. Note that the specific impedance 
enhancement circuit embodiment will be dependent upon 
PLL design goals. Alternately stated, there are other imped- 
ance enhancement embodiments that might prove useful 
with the charge-pump of FIG. 4. 

Returning to FIG. 4, the common-mode feedback stabi- 
lizing filter 144 may include a first capacitor CI (150) 
having a first terminal connected to the first differential 
section output (Vout+) on line 110. A second capacitor C2 
(152) has a first terminal connected to the second differential 
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section output (Vout-) on line 128 and a second terminal 
connected to the first capacitor 150 second terminal. A first 
resistor Rl (154) has a first terminal connected to the second 
terminals of the first and second capacitors 150/152, and a 

5 second terminal connected to the common-mode feedback 
circuit output (Vcmfb) on line 142. 

The first differential section 102 includes a fifth FET 112 
having a source operatively connected to a first power 
supply (Vdd) and a gate connected to a first phase detector 

10 (PD) output (up). As used herein, the term "operatively 
connected" means indirectly connected or connected 
through an intervening element. A sixth FET 114 has a drain 
connected to the drain of the fifth FET 112, a source 
connected to the drain of the first FET (206, see FIG. 5), and 

1^ a gate connected to a second differentia] PD output (dnb). 
A seventh FET 116 has a source operatively connected to 
the first power supply (Vdd) and a gate connected to a first 
PD differential output (upb). An eighth FET 118 has a drain 
connected to the drain of the seventh FET 116 and the output 
(Vout+) on line 110. The eighth FET U8 has a source 
connected lo the drain of the first FET (see FIG. 5) and a gate 
connected lo a second PD output (dn). The first unity gain 
amplifier 108 has a positive input connected to the drain of 
the seventh FET 116, a negative input connected to the drain 
of the fifth FET 112, and an output connected to the drain of 
the fifth FET U2. 

The second differential section 120 includes a ninth FET 
130 having a source operatively connected to the first power 
supply (Vdd) and a gate connected to the second PD output 
(dn). A tenth FET 132 has a drain connected to the drain of 
the ninth FET 130, a source connected to the drain of the 
third FET (see FIG. 5), and a gate connected to the first 
differential PD output (upb). 

35 An eleventh FET 134 has a source operatively connected 
to the first power supply (Vdd) and a gate connected to the 
second PD differential output (dnb). A twelfth FET 136 has 
a drain connected to the drain of the eleventh FET 134 and 
the output (Vout-) on line 128. The twelfth FET 136 has a 

4Q source connected to the drain of the third FET (see FIG. 5) 
and a gate connected to the first PD output (up). The second 
unity gain amplifier 126 has a positive input connected to the 
drain of the eleventh FET 134, a negative input connected to 
the drain of the ninth FET 130, and an output connected to 

45 the drain of the ninth FET 130. 

FIG. 6 is a schematic illustrating an exemplary differential 
amplifier, such as might to used to enable the first differential 
amplifier 204 (An) of FIG. 5. A thirteenth FET 300 has a 
source connected to the first power supply (Vdd) and a gate 

50 connected to a second bias voltage (Vbias2). A fourteenth 
FET 302 has a drain connected to the drain of the thirteenth 
FET 300 and the gate of the first FET ( V+, see RG. 5), and 
a gate connected to the drain of the fourth FET (Vin-i-, see 
FIG. 5). A fifteenth FET 304 has a source connected to the 

55 first power supply (Vdd) and a gate connected to the second 
bias voltage (Vbias2). 

A sixteenth FET 306 has a drain connected to the drain of 
the fifteenth FET 304 and the gate of the third FET(V-, see 
FIG. 5), a gate connected to the drain of the second FET 

60 (Vin-, see FIG. 5), and a source connected to the source of 
the fourteenth FET 302. A seventeenth FET 308 has a source 
connected to the first power supply (Vdd) and a drain 
connected to its gate. An eighteenth FET 310 has a drain 
connected to the drain of the seventeenth FET 308, a gate 

65 connected to a third bias voltage (Vcmn), and a source 
connected to the source of the fourteenth FET 302. A 
nineteenth FET 312 has a drain connected to the source of 



us 6,825, 

5 

the fourteenth FET 302, and gate connected to a four bias 
voltage (Vbias4), and a source connected to the reference 
voluge (Vss). 

Returning to FIG. 4, an exemplary common-mode feed- 
back circuit 140 is detailed. However, it should be under- ^ 
stood that other common-mode feedback designs might be 
used effectively. As shown, the common-mode feedback 
circuit 140 includes a twentieth FET 160 having a source 
connected to the first power supply (Vdd) and a drain 
connected to its gate. A twenty-first FET 162 has a drain lo 
connected to the drain of the twentieth FET 160 and a gate 
connected to the first differential section output (Vout+) on 
line HO. The line is not shown connected in the interest of 
clarity. A twenty-second FET 164 has a drain connected to 
the drain of the twentieth FET 160 and a gate connected to 25 
the second differential section output (\feut-) on line 12S. 

A twenty-third FET 166 has a source connected to the first 
power supply (Vdd) and a gate connected to the gate of the 
twentieth FET 160. A twenty-fourth FET 168 has a drain 
connected to the drain of ihe twenty-third FET 166 and a 
gale connected to a fifth bias voltage (Vref). A twenty-fifth 
FET 170 has a drain connected to the drain of the twenty- 
third FET 166 and a gate connected to the fifth bias voltage 
(Vref). 

A second resistor (R2) 172 has a first terminal connected ^ 
to the source of the twenty-first FET 162. A third resistor 
(R3) 174 has a first terminal connected to the source of the 
twenty-fourth FET 168 and the second terminal connected to 
the second terminal of the resistor 172. A fourth resistor (R4) 
176 has a first terminal connected to the source of the ^ 
twenty-fifth FET 170. A fifth resistor (R5) 178 has a first 
terminal connected to the source of the twenty-second FET 
164. The first terminal of the fifth resistor 178 is also 
connected to the second terminal of the fourth resistor 176. 

A twenty-sixth FET 180 has a source connected to the first 
power supply (Vdd), a gate connected to the drain of the 
twenty-third FET 166 and the first resistor 154 second 
terminal (Vcfimb), and a drain connected to the sources of 
the fifth and seventh FETs 112/116. A twenty- seventh FET ^ 
182 has a source connected to the first power supply (Vdd), 
a gate connected to the drain of the twenty-third FET 166 
(Vcmfb), and a drain connected to the sources of the ninth 
and eleventh FETs 150/134. 

In some aspects, the charge-pump 100 further comprises 45 
a second impedance enhancement circuit 190 having inputs 
connected to the second and third resistor 172/174 second 
terminals (node C), and the fourth and fifth resistor 176/178 
second terminals (node D). 

In other aspects, the first differential section 102 further 50 
includes a third capacitor (C3) 192 with a first terminal 
connected to the drain of the fifth FET 112 and a second 
terminal connected to ground, or a reference voltage. A 
fourth capacitor (C4) 194 has a first terminal connected to 
the drain of the seventh FET 116 and a second terminal 55 
connected to ground. Likewise, the second differential sec- 
tion 120 may include a fifth capacitor (C5) 196 with a first 
terminal connected to the drain of the ninth FET 130 and a 
second terminal connected to ground. A sixth capacitor (C6) 
198 has a first terminal connected to the drain of the eleventh 60 
FET 134 and a second terminal connected to ground. 

Remrning to FIG. 5, an exemplary second impedance 
enhancement circuit is depicted. Note, that although the 
second impedance circuit 190 is shown to be the same as the 
first impedance enhancement circuit 138. the two circuits 65 
need not necessarily be identical. As shown, the second 
impedance enhancement circuit 190 includes a cascaded 
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transistor pair 230 connected to source current for the 
twenty-first and twenty-fourth FETs (see FIG. 4) at node C. 
A cascaded transistor pair 232 is coonected to source current 
for the twenty-second and twenty-fifth FETs (see FIG. 4) at 
node D. A second differential amplifier 234 is interposed 
between the transistors pairs 230/232. 

More specifically, the second impedance enhancement 
circuit 190 includes a twenty-eighth inET236 having a drain 
connected to the second and third resistor second terminals 
(see FIG. 4) at node C. A twenty-ninth FET 238 has a drain 
connected to the twenty-eighth FET 236 source, a source 
connected to the reference voltage supply (Vss), and a gate 
connected to the first bias voltage (Vbiasl). A thirtieth FET 
240 has a drain connected to the fourth and fifth resistor 
second terminals (see FIG. 4) at node D. A thirty-first FET 
242 has a drain connected to the thirtieth FET 240 source, a 
source connected to the reference voltage supply (Vss), and 
a gate connected to the first bias voltage (Vbiasl). The 
second differential amplifier 234 includes a positive input 
(Vin+) connected to the source of the thirtieth FET 240, a 
negative input (Vin-) connected to the source of the twenty- 
eighth FET 236, a positive output (V+) connected to the gate 
of the twenty-eighth FET 236, and a negative output (V-) 
connected to the gate of the thirtieth FET 240. 

ReUJrning to FIG. 6, the second differential amplifier 234 
can be enabled exactly the same as the first differential 
amplifier 204. A full description will be omitted in the 
interest of brevity, except to note that the second differential 
amplifier 234 would include a thirty-second FET as FET 
300, a thirty-third FET as FET 302, a thirty-fourth FET as 
FET 304, a thirty-fifth FET as FET 306, a thirty-sixth FET 
as FET 308, a thirty-seventh FET as FET 310. and a 
thirty-eighth FET as FET 312. Note that is some other 
aspects of the invention, the second differential amplifier 
234 may be configured differently than the first differential 
amplifier 204. 

FIG. 7 is a schematic block diagram depicting the present 
invention phase-locked loop (PLL). The PLL 400 comprises 
a phase detector (PD) 402 having pair of differential inputs 
on lines 404/406 and 408/410, and a pair of differential 
outputs on lines 412/414 and 416/418) (up/iipb and dn/dnb). 
The PLL 400 includes the charge-pump 100 described above 
in the explanation of FIGS. 4 through 6. Briefly, the charge- 
pump includes first and second differential sections, a first 
impedance enhancement circuit 138 sourcing current for the 
first and second differential sections, a common-mode feed- 
back circuit 140, and a common-mode feedback stabilizing 
fiUer 144. In the interest of brevity, the details of the 
above-mentioned circuits will not be repeated here. 

A loop filter 420 has differential ports cormected to the 
charge-pump first and second differential section outputs 
(Vout+A^out-) on lines 422 and 424. A voltage controlled 
oscillator (VCO) 426 has differential inputs connected to the 
loop filter differential ports on lines 422 and 424 and a 
frequency output on lines 408/410 responsive to the VCO 
differential inputs on lines 422/424. 

FUNCTIONAL DESCRIPTION 

The present invention high performance CMOS charge- 
pump operates with extremely low noise and a large voltage 
output swing. Further, the charge-pump design is less sus- 
ceptible to mismatching. Vdd and Vss are power supply and 
ground, respectively. The loop filter is differentially con- 
nected to the output of charge -pump in a maimer that 
reduces, by haff, the size of loop filter's capacitors. The 
common-mode feedback loop consists of transistors 116, 
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180, 134, 182, elements Rl, CI, C2, and transistors 162, 
168, 170, and 164. This loop forces the output oommoo- 
mode voltage of charge-pump to be same as common-mode 
reference voltage Vref. The common-mode feedback loop is 
stabilized with elements Rl» CI, and C2. In order to achieve 5 
good matching and reduce the resistor size, the two capaci- 
tors (CI and C2) share a single compensation resistor Rl. 

Note that the output of charge-pump only connects to the 
loop filter when up and dn are both high. In the other words, 
the loop filter is completely disconnected from charge-pump 
during time period Ts (see FIG. 3). Also note that Ts is much 
longer than Treset, which is only about 10% of Tref. 
Consequently, the total noise contributed from chaige-pump 
is decreased dramatically. The output swing is also improved 
because there is only one transistor 180/182 in the cunent 15 
(p-type) path. A very large VCO mning range is created in 
response to the large voltage differentials that are possible 
between Vout+ and Vout-. In prior art circuitry, the large 
voltage differences at nodes A and B can dramatically 
degrade current gain, as the current Icn at node A differs 20 
from the current Icn at node B. To address this problem, the 
present invention has added an impedance enhancement 
circuit to match the output impedances of current sources. In 
this manner, the two Icn currents remain the same, regard- 
less of voltage difference between the nodes A and B. 25 
Likewise, a second impedance enhancement circuit has been 
added to address large differential voltages likely to occur 
between nodes C and D. The second impedance enhance- 
ment circuit generally performs the same functions as the 



We claim: 

1. A phase-locked loop (PLL) charge-pump comprising: 
a first differential section including two cascaded transis- 
tor pairs, with a first unity-gain operational amplifier 
(op amp) interposed between the cascaded pairs, an 
output (M)ut+) connected to a loop filter finst port, and 

• where each transistor is connected to a corresponding 
one of a pair of differential phase detector outputs 
(upMpb and dn/diib); 
a second differential section including two cascaded tran- 
sistor pairs, with a second unity-gain op amp interposed 
between the cascaded paiis, an output (\but-) con- 
nected to a loop fiher second port, differential to the 
first differential section first output, and where eadi 
transistor is connected to a corresponding one of the 
pair of differential phase detector outputs (upAipb and 
dn/dnb); 

a first impedance enhancement circuit sourcing current for 
the first and second differential sections; 

a common-mode feedback circuit having differential 
inputs connected to the first and second differential 
section outputs (Vout+A^out-), and an output (Vcmfb); 
and, 

a conmion-mode feedback stabilizing filter interposed 
between common -mode feedback circuit output 
(Vcmfi}) and the first and second differential section 
outputs (Vout+Afeut-). 

2. Hie charge-pump of claim 1 wherein the first impcd- 



fiist impedance enhancemem circuit. TTiat is, the second 30 ^nce enhancement circuit includes: 



35 



45 



impedance enhancement circuit maintains equal lb currents 
through nodes C and D. 

FIG. 8 is a flowchart illustrating the present invention 
method for conditioning a phase detector output, in a PLL 
including a phase detector, a chaige-pump, and a loop filter. 
Although the method is depicted as a sequence of numbered 
steps for clarity, no order should be inferred from the 
numbering unless explicitly stated. It should be understood 
that some of these steps may be skipped, performed in 
parallel, or performed without the requirement of maintain- 
ing a strict order of sequence. The method starts at Step 600. 

Step 602 accepts a pair of differential phase detector (PD) 
output signals (up/upb and dn/dnb). Step 604 connects each 
pair of differential PD outputs to first and second charge- 
pump differential sections. Step 606 supplies differential 
charge-pump outputs (Vout+Vout-) in response to the pair of 
differential PD output signals. Step 608 disconnects the 
charge-pump differential section outputs from the loop filter 
inputs when the PD differential outputs (up/dn and up/dn) ^ 
arc equal. That is, the differential outputs are disconnected 
when the PLL is locked. 

In some aspects, supplying differential charge-pump out- 
puts (Vout+Vout-) in response to the pair of differential PD 
output signals in Step 606 includes sourcing a first current 55 
through the first charge-pump differential section and sourc- 
ing a second current through the second charge-pump dif- 
ferential section. Then, Step 610 maintains the first current 
equal to the second current. In other aspects. Step 612 
common-mode feedback stabilizes the differential charge- ^ 
pump outputs (Vout+Vout-) through a shared resistor. 

A low-noise high-performance differential chaige-pump 
has been described. Simplified circuits were presented to 
exempUfy the inventions. However, the invention is not 
Umited to merely these examples. Other variations and 65 
embodiments of the invention will occur to those skilled in 
the art. 



a cascaded transistor pair connected to source current for 

the first differential section; 
a cascaded transistor pair connected to source current for 

the second differential section; and, 
a first differential amplifier interposed between the tran- 
sistors pairs. 

3. The charge-pump of claim 2 wherein the first imped- 
ance enhancement circuit includes: 

a first field effect transistor (FET) having a drain con- 
nected to the first differential section; 

a second FET having a drain connected to the first FET 
source, a source connected to a reference voltage 
supply (Vss), and a gate cotmected to a first bias 
voltage (Vbiasl); 

a third field FET having a drain connected to the second 
differential section; 

a fourth FET having a drain connected to the third FET 
source, a source connected to the reference voltage 
supply (Vss), and a gate connected to the first bias 
voltage (Vbiasl); and, 

wherein the first differential amplifier includes a positive 
input (\^n+) connected to the source of the third FET, 
a negative input (Vin-) connected to the source of the 
first FET, a positive output (V+) connected to the gate 
of the first FET, and a negative output (V-) connected 
to the gate of the third FET. 

4. The charge-pump of claim 3 wherein the common- 
mode feedback stabilizing filter includes: 

a first capacitor having a first terminal connected to the 
first differential section output (Vbut+); 

a second capacitor having a first terminal connected to the 
second differential section output (Vaut-) and a second 
terminal connected to the first capacitor second termi- 
nal; and, 

a first resistor having a first terminal connected to the 
second terminals of the first and second capacitors and 
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a second terminal connected to the common-mode 
feedback circuit output (Vcmfb). 

5. The cbaige-pump of claim 4 wherein the first differ- 
ential section includes: 

a fifth FET having a source operatively connected to a first ^ 
power supply (Vdd) and a gate connected to a first 
phase detector (PD) output (up); 

a sixth FET having a drain connected to the drain of the 
fifth FET, a source connected to the drain of the first 
FET, and a gate connected to a second differential PD 
output (dnb); 

a seventh FET having a source operatively connected to 
the first power supply (Vdd) and a gate connected to a 
first PD differential output (upb); 

an eighth FET having a drain connected to the drain of the 
seventh FET and the output (Vout+), a source con- 
nected to the drain of the first FET, and a gate con- 
nected to a second PD output (dn); and, 

wherein the first unity gain amplifier has a positive input 20 
connected to the drain of the seventh FET, a negative 
input connected to the drain of the fifth FET, and an 
output connected to the drain of the fifth FET. 

6. The charge-pump of claim 5 wherein the second 
differential section includes: 2s 

a ninth FET having a source operatively connected to the 
first power supply (Vdd) and a gate connected to the 
second PD output (dn); 

a tenth FET having a drain connected to the drain of the 
ninth FET, a source connected to the drain of the third 30 
FET, and a gate connected to the first differential PD 
output (upb); 

an eleventh FET having a source operatively connected to 
the first power supply (Vdd) and a gate connected to the 
second PD differential output (dnb); 35 

a twelfth FET having a drain connected to the drain of the 
eleventh FET and the output (Vout-), a source con- 
nected to the drain of the third FET, and a gate 
coanected to the first PD output (up); and, 

wherein the second unity gain amplifier has a positive ^ 
input connected to the drain of the eleventh FET, a 
negative input connected to the drain of the ninth FET, 
and an output connected to the drain of the ninth FET. 

7. The charge-pump of claim 6 wherein the first differ- 
ential amplifier includes: 

a thirteenth FET having a source connected to the first 
power supply (Vdd) and a gate connected to a second 
bias voltage (Vbias2); 

a foiirteenth FET having a drain connected to the drain of 
the thirteenth FET and the gate of the first FET (V+), 
and a gate connected to the drain of the fourth FET 
(Vin+); 

a fifteenth FET having a source connected to the first 
power supply (Vdd) and a gate connected to the second 55 
bias voltage (Vbias2); 

a sixteenth FET having a drain connected to the drain of 
the fifteenth FET and the gate of the third FET (V-), a 
gate connected to the drain of the second FET (Vin-), 
and a source connected to the source of the foivteenth 50 
FET; 

a seventeenth FET having a source connected to the first 
power supply (Vdd) and a drain connected to its gate; 

an eighteenth FET having a drain connected to the drain 
of the seventeenth FET, a gate connected to a third bias 65 
voltage (Vcmn), and a source connected to the source 
of the fourteenth FET; and. 
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a nineteenth FET having a drain connected to the source 
of the fourteenth FET, and gate connected to a four bias 
voltage (Vbias4), and a source connected to the refer- 
ence voltage (Vss). 

8. The charge-pump of claim 7 wherein the common- 
mode feedback circuit includes: 

a twentieth FET having a source connected to the first 
power supply (Vdd) and a drain connected to its gate; 

a twenty-first FET having a drain connected to the drain 
of the twentieth FET and a gate connected to the first 
differential section output (Vout+); 

a twenty-second FET having a drain connected to the 
drain of the twentieth FET and a gate connected to the 
second differential section output (Vout-); 

a twenty-third FET having a source connected to the first 
power supply (Vdd) and a gate connected to the gate of 
the twentieth FET; 

a twenty-fourth FET having a drain connected to the drain 
of the twenty-third FET and a gate connected to a fifth 
bias vohage (Vref); 

a twenty-fifth FET having a drain connected to the drain 
of the twenty-third FET and a gate connected to the 
fifth bias voltage (Vref); 

a second resistor having a first terminal connected to the 
source of the twenty-first FET; 

a third resistor with a first terminal connected to the 
source of the twenty-fourth FET and the second termi- 
nal connected to the second resistor second terminal; 

a fourth resistor with a first terminal connected to the 
source of the twenty-fifth FET; 

a fifth resistor with a first terminal connected to the source 
of the twenty-second FET, the fifth resistor first termi- 
nal also connected to the second terminal of the fourth 
resistor; 

a twenty-sixth FET having a source connected to the first 
power supply (Vdd), a gate connected to the drain of 
the twenty-third FET and the first resistor second 
terminal (Vcfmb), and a drain connected to the sources 
of the fifth and seventh FETs; and, 

a twenty-seventh FET having a source connected to the 
first power supply (Vdd), a gate connected to the drain 
of the twenty-third FET (Vcmfb), and a drain con- 
nected to the sources of the ninth and eleventh FETs. 

9. The charge-pump of claim 8 further comprising: 

a second impedance enhancement circuit having inputs 
connected to the second and third resistor second 
terminals, and the fourth and fifth resistor second 
terminals. 

10. The charge-pump of claim 9 wherein the second 
impedance enhancement circuit includes: 

a cascaded transistor pair connected to source current for 
the twenty-first and twenty-fourth FETs; 

a cascaded transistor pair connected to source current for 
the twenty-second and twenty-fifth FETs; and, 

a second differential amplifier interposed between the 
transistors pairs. 

11. The charge-pump of claim 10 wherein the second 
impedance enhancement circuit includes: 

a twenty-eighth FET having a drain connected to the 
second and third resistor second terminals; 

a twenty-ninth FET having a drain connected to the 
twenty-eighth FET source, a source connected to the 
reference voltage supply (Vss), and a gate connected to 
the first bias voltage (Vbiasl); 



us 6,825, 

11 

a thirtieth FET having a drain connected to the fourth and 
fifth resistor second terminals; 

a thirty-first FET having a drain connected to the thirtieth 
FET source, a source connected to the reference voltage 
supply (Vss), and a gate connected to the first bias ^ 
voltage (Vbiasl); and, 

wherein the second differential amplifier includes a posi- 
tive input (Vin+) connected to the source of the thirtieth 
FET, a negative input (Vin-) connected to the source of 
the twenty-eighth FET, a positive output (V+) con- 
nected to the gale of the twenty-eighth FET, and a 
negative output (V-) connected to the gate of the 
thirtieth FET 

12. The charge-pump of claim 11 wherein the second 
differential amplifier includes: 

a thirty-second FET having a source connected to the first 
power supply ( Vdd) and a gate connected to the second 
bias vohage (Vbias2); 

a thirty-third FET having a drain connected to the drain of 20 
the thirty-second FET and the gale of the twenty-eighth 
FET (V-I-), and a gate connected to the drain of the 
thirty-first FET (Vin+); 

a thirty-fourth FET having a source connected to the first 
power supply (Vdd) and a gate connected to the second 25 
bias voltage (Vbias2); 

a thirty-fifth FET having a drain connected to the drain of 
the thirty-fourth FET and the gate of the thirtieth FET 
(V-), a gate connected to the drain of the twenty-ninth 
FET (Vin-), and a source connected to the source of the 
thirty-third FET; 

a thirty-sixth FET having a source connected to the first 
power supply (Vdd) and a drain connected to its gale; 

a thirty-seventh FET having a drain connected to the drain 
of the thirty-sixth FET, a gate connected to the third 
bias voltage (Vcmn), and a source connected to the 
source of the thirty-third FET; and, 

a thirty-eighth FET having a drain connected to the source 
of the thirty-third FET, and gate connected to a four 40 
bias voltage (Vbias4), and a source connected to the 
reference voltage (Vss). 

13. The charge-pump of claim 12 wherein the first dif- 
ferential section further includes: 

a third capacitor with a first terminal connected to the 45 
drain of the fifth FET and a second terminal connected 
to ground; and, 

a fourth capacitor with a first terminal connected to the 
drain of the seventh FET and a second terminal con- 
nected to ground; and, 50 
wherein the second differential section further includes: 
a fifth capacitor with a first terminal connected to the drain 
of the ninth FET and a second terminal connected to 
ground; and, 

a sixth capacitor with a first terminal connected to the 
drain of the eleventh FET and a second terminal 
connected to ground. 

14. A phase-locked loop (PLL) comprising: 

a phase detector (PD) having pair of differential inputs 
and a pair of differential outputs (upAipb and dn/dnb); 
a charge-pump including: 

a first differential section including two cascaded tran- 
sistor pairs, with a first unity-gain operational ampli- 
fier (op amp) interposed between the cascaded pairs, 65 
an output (Vout+) connected to a first loop filter 
input, and where each transistor is connected to a 
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corresponding one of the pair of differential phase 
detector outputs (up^pb and dn/dnb); 
a second differential section including two cascaded 
transistor pairs, with a second unity-gain op amp 
interposed between the cascaded pairs, an output 
(\but-) connected to a second loop filter input, 
differential to the first loop filter input (Vout+), and 
where each transistor is coimected to a correspond- 
ing one of the pair of differential phase detector 
outputs (up/upb and dn/dnb); 
a first impedance enhancement circuit sourcing current 

for the first and second differential sections; 
a common-mode feedback circuit having differential 
inputs connected to the first and second differential 
section outputs (Vout+/Vout-), and an output 
(Vcmfb); and, 
a common-mode feedback stabilizing filter interposed 
between common-mode feedback circuit output 
(Vcmfb) and the first and second differential section 
outputs (Vout+/Vout-); 
a loop filter having differential ports connected to the 
charge-pump first and second differential section out- 
puts (Vout+/Vout-); and, 
a voltage controlled oscillator (VCO) having differential 
inputs connected to the loop filter differential ports and 
a frequency output responsive to the VCO differential 
inputs. 

15. The PLL of claim 14 wherein the first impedance 
enhancement circuit includes: 

a cascaded transistor pair connected to source current for 
the first differential section; 

a cascaded transistor pair connected to source current for 
the second differential section; and, 

a first differential amplifier interposed between the tran- 
sistors pairs. 

16. The PLL of claim IS wherein the first impedance 
enhancement circuit includes: 

a first field effect transistor (FET) having a drain con- 
nected to the first differential section; 

a second FET having a drain connected to the first FET 
source, a source connected to a reference voltage 
supply (Vss), and a gate connected to a first bias 
voltage (Vbiasl); 

a third field FET having a drain connected to the second 
differential section; 

a fourth FET having a drain connected to the third FET 
source, a source connected to the reference voltage 
supply (Vss), and a gate connected to the first bias 
voltage (Vbiasl); and, 

wherein the first differential amplifier includes a positive 
input (Vin+) connected to the source of the third FET, 
a negative input (Vin-) connected to the source of the 
first FET, a positive output (V+) connected to the gale 
of the first FET, and a negative output (V-) connected 
to the gate of the third FET. 

17. The PLL of claim 16 wherein the common-mode 
feedback stabilizing filter includes: 

a first capacitor having a first terminal connected to the 
first differential section output (Vout+); 

a second capacitor having a first terminal connected to the 
second differential section output (Vout-) and a second 
terminal connected to the first capacitor second termi- 
nal; and. 
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a first resistor having a first terminal connected to the 
second terminals of the first and second capacitors and 
a second terminal connected to the common-mode 
feedback circuit output (Vcmfb). 
18. In a phase-locked loop (PIX) including a phase 
detector, a charge-pump, and a loop filter, a method for 
conditioning the phase detector output, the method compris- 
ing: 

accepting a pair of differential phase detector (PD) output 

signals (up/upb and dn/dnb); 
connecting each pair of differential PD outputs to first and 

second charge-pump differential sections; 
supplying differential charge-pump outputs (Vout+/ 

\^ut-) in response to the pair of differential PD output 

signals; and. 
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ceasing current flow between the charge-pump differential 
section outputs and the loop filter inputs when the PD 
differential outputs (up/dn and upb/dnb) are equal. 

19. The method of claim 18 wherein supplying differential 
5 charge-pump outputs (Vout+A^out-) in response to the pair 

of differential PD output signals includes sourcing a first 
current through the first charge-pump differential section 
and sourcing a second current through the second chaige- 
pump differential section; and, 
the method further comprising: 

maintaining the first current equal to the second current. 

20. The method of claim 18 further comprising: 

mode feedback stabilizing the differential charge-pump 
outputs (M}ut+Abut-) through a shared resistor. 
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(57) ABSTRACT 

A drive circuit for a synchronous rectifier of a switch mode 
power converter is disclosed. The switch mode power con- 
verter may include a main power transformer and a primary 
switch for cyclically coupling the main power transformer to 
an input source. The drive circuit may comprise a tum-on 
switch, a turn-off switch, a charge pump and a pulse trans- 
former. The charge pump may be coupled to a secondary 
winding of the main power transformer. The turn-on switch 
is for turning on the synchronous rectifier and may be 
coupled to the charge pump. The pulse transformer may 
include primary and secondary windings, wherein the pri- 
mary winding is responsive to a control signal supplied to 
the primary switch. The tum-oflf switch is for turning off the 
synchronous rectifier and may include a control terminal 
coupled to the secondary winding of the pulse transformer. 

20 Claims, 9 Drawing Sheets 
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SYNCHRONOUS RECTIFIER DRIVE 
CIRCUIT AND POWER SUPPLY INCLUDING 
SAME 

This applicatioQ is a continuation-in-pait of Ser. No. 
09/716^06 filed Nov. 20, 2000 now U.S. Pat. No. 6,570, 
268. 

BACKGROUND OF INVENTION 

1. Field of laventioo 

The present invention relates generally to power conver- 
sion electronics and, more particularly, to synchronous rec- 
tifier drive circuits. 

2. Description of the Background 

DC-to-DC power converters are power processing cir- 
cuits which convert an unregulated input DC voltage to a 
regulated DC output voltage. Switch-mode DC-to-DC 
power converters typically include an inverter, a transformer 
having a primary winding coupled to the inverter, and a 
rectifying circuit coupled to a secondary winding of the 
transformer. The inverter typically includes a switching 
device, such as a field effect transistor (FET), that converts 
the DC input voltage to an alternating voltage, which is 
magnetically coupled from the primary winding of the 
transformer to the secondary winding. The rectifying circuit 
rectifies the alternating voltage on the secondary winding to 
generate a desired DC output voltage. 

It is known to use synchronous rectifiers (SRs) employing 
metal-oxide-semiconductor field effect transistors 
(MOSFETs) to convert the alternating voltage of the sec- 
ondary winding to the unipolar DC output voltage. The 
advantage of synchronous rectification is that the forward 
voltage drop, and hence the power loss, across a MOSFET 
SR is much less than that of diode devices used in the 
rectifying circuit. Such SR circuits, however, typically 
require gate drive circuitry to render the MOSFET at a low 
resistance during forward conduction and, more importantly, 
to render it non-conductive during reverse bias. This is 
because, unlike a diode, a SR may be conductive in both 
directions (i.e., forward and reverse). Thus, if not properly 
controlled, reverse current can flow through a MOSFET SR, 
thereby negatively affecting the efficiency of the power 
converter. 

One known technique to control the gate drive of a 
MOSFET SR is to couple the alternating voltage from the 
secondary winding of the transformer to the gate terminal of 
the MOSFET SR to thereby turn the device on and off in 
response to the voltage across the secondary winding. This 
scheme is commonly referred to as '*self-driveo synchronous 
rectification." Although usually effective, it is possible that 
when the voltage on the secondary winding reverses and the 
gate terminal of the SR is driven off, a delay in turn-off of 
the SR will provide a period of reverse current in the SR. 
This has a deleterious "shorting" effect on the secondary 
winding, which may limit the turn off voltage and further 
delay commutation of the SR. Additionally, it is difficult to 
generate the proper on-state SR bias level in the self-driven 
configuration. 

Further drawbacks with self-driven SR schemes exist. 
Seff-driven circuits typically do not provide sufficiently fast 
turn-on and turn-off the SR. Rather, self-driven circuits 
typically provide slowly rising and slowly falling gale 
signals that transition the SR through a linear region during 
which I^R losses are more significant. In addition, self- 
drivcn circuits do not achieve optimal timing. That is, for 
one, the tum-on current is not applied immediately after the 
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SR becomes biased to conduct such that any conduction of 
the internal body diode of the SR is minimized, thereby 
reducing losses, lliis is because self-driven circuits rely on 
the winding voltage to mm on, and during the rise of current 

5 in the SR the winding voltage may be reduced by leakage 
inductance in the tran^ormer. Also, proper timing of the SR 
suggests that the gate of the SR be discharged a small delay 
period before the voltage reverses across the SR, The delay 
period provides for the turn off time of the SR and ensures 

10 that the device is off when reverse bias is applied, preventing 
any flow of reverse current. Self-driven circuits, however, 
use the reverse bias voltage itseff to initiate turn off and, 
therefore, no delay is possible, 'llius, during the turn off time 
of the SR, reverse current may flow. 

15 Additionally, self-driven circuits often do not provide a 
suitable gate voltage to the SR. Ideally, when mrning the SR 
ON, the gate of the SR should receive sufficient voltage to 
lower the on resistance of the SR to the minimum value. But 
the gate voltage should not be so high as to damage the gate 

20 of the SR. In addition, the source of the voltage for the drive 
circuit should be referenced to the control terminal (i.e., 
gate) of the SR and should be able to supply a high pulse 
current. Self -driven circuits, however, require that the con- 
figuration of the SRs be adapted to match the available 

25 winding voltage. Further, the pulse current from the wind- 
ings may be limited by the leakage inductance of the 
transformer. Furthermore, self-driven circuits apply the 
winding voltage directly to the gate of the SR. This voltage 
must be scaled to the converter output voltage, which may 

30 be either insufficient or extreme for the gate of the SR. 
One known technique to overcome the shortcomings of 
self<driven synchronous rectifiers is to employ a gate drive 
circuit coupled to the control terminal of the synchronous 
rectifier (SR). Gate drive circuits, however, are complicated 
to implement, thus reducing reliability and increasing cost. 
Further, conventional gate drive circuits often do not over- 
come all of the drawbacks identified above for self-driven 
circuits, such as rapid turn on and turn off, proper timing, 
suitable gate voltage. In addition, it is difficult to implement 

^ a gate drive circuit driven by the alternating voltage of the 
transfomier that is capable of driving two synchronous 
rectifieis of a dual output power converter or provide the 
proper bias levels in low voltage output converters. 

Accordingly, there exists a need in the art for a SR gate 
drive circuit that achieves rapid turn on and turn off of the 
SR so as to reduce, and even obviate, the delay in turn-off 
of a SR, to thereby minimize, or eliminate, any period of 
reverse conduction of the SR and the subsequent shorting 
effect. There further exists a need for a gate drive circuit that 
is capable of providing the required SR bias level, even for 
low output converters. 

SUMMARY OF THE INVENTION 

55 In one general aspect, the present invention is directed to 
a drive circuit for a synchronous rectifier (SR) for a switch 
mode power converter. The power converter may include, as 
switch mode power converters do, a main power transformer 
and a primary switch for cyclically coupling an input source 

60 to the main power transformer. The primary switch may be 
controlled by a control signal, such as according to a pulse 
width modulation (PWM) scheme. The SR is for rectifying 
a voltage across the secondary of the main power trans- 
former. 

65 According to one embodiment, the drive circuit includes 
turn-on and turn-off switches, a charge pump and a pulse 
transformer. The turn-on switch is for mrning on the SR 
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during Ihc intended time period of forward conduction. The DETAILED DESCRIPTION OF THE 

turn-off switch is for turning off the SR. The chaige pump is INVENTION 

coupled to a secondary winding of the main power trans- fig. 1 is a schematic diagram of a power convener circuit 

former and is used to provide drive and a power supply for 10 according to one embodiment of the present invention, 
the tum-on switch. The pulse transformer includes primary s The power converter circuit 10 includes an isolation trans- 

and secondary windings, wherein the primary winding is former 12, a primary power switch 14, a synchronous 

responsive to the control signal supplied to the primary rectifier (SR) 16, and an output capacitor 18. The SR may be, 

switch and the secondary winding of the pulse transformer for example, a MOSFET, such as an n-channel MOSFET as 

is coupled to the control terminal of the turn-off switch. The illustrated in FIG. 1. The isolation transformer includes a 
charge pump shifts the winding voltage to an appropriate lo primary winding 20 and a secondary winding 22. The 

reference level for the control terminal of the SR. The primary power switch 14 may be, for example, a transistor, 

number of turns on the secondary winding of the main power such as an n^hannel MOSFET as illustrated in FIG. 1 . The 

transformer can be adapted lo match the charge pump output P^^^V po^^r ^^^f ^ 14 cyclically couples the input volt- 

to the requirement of the SR gate. That is, the drive voltage i^'^^.S^? ? ''^^^^S? ^"'^^ ^^""^^ ^ P™?'^ 
of the charge pump may be higher or lower than the 15 wmdmg 20 of the transformer 12 to generate 

converter output. voluge at the secondary wmding 22. This altemaUng volt- 

... . - , r « . J age is converted to a DC voltage by the SR 16, producing a 

As will be apparent from the foUowing de«:npuon. flt,ered DC output volUge (vjj Jross Ibe output capacitor 
embodiments of the prc^nt mvent.on ptov.de a SR drive ig, ^ ^ used to pw>*r a load (not shown), 
circuit that achieves rapid turn on and turn off, with proper ir.i. • -l-i^* 
timing, and with a suitable voltage level for the SR, with 20 , The duty cycle of the prunary powersi^ 14 is con- 
simplicity that increases reliabiUty and decreases cost. For ^UT . ''^ ■ "fll'i^^l^T^ ^ ""^ 

t ,u ^ • • •« f 4U . • A from a PWM control circuit 24. When the pnmary power 

example, the dnve cu-cuit of the present invention provides • . . . - . . r«,r»* • ij- i_ 

, . • ^ If J • u . switch 14 IS closed, i.e., when the PWM signal dnves the 

an advantage over pnor art seli-dnven synchronous rectiii- . -T . < I - ■, - . • . i 

cation schemes because it provides a manner for eliminating P"'"'^^ P°7" conduction, the input voltage 

delay in the nim^fif of a synchronous rectifier, thus ptovid- 25 c°"P'«='' pnmary winding 20, causmg current m 

ing the advantage of eliminating the shorting effect of the ^ P'?'»»21 "1^ ^u- . JT'^r ^, n 

se^ndary winding of the transformer. Embodiments of the f.'^'S' '? ^ ""^ """sfo™" 12. Durmg ih^ 

present invention also provide the advantage of having a "™ P*™''.- "^f ^R 16 is non<onducUve as described 

mechanized synchronoiU rectifier lum-on system operable here.nbelow, and the output capacitor 18 supplies the 

at, for exampte. low output volttges. » Accordingly, the output capacitor 18 may be 

. ... . . . chosen to have a capacitance large enough in order that it 

Acoordmg to another embodunent, l^e present mvention -^^ ^^^^-^^^ ^ ^^^^^^ -^^ Sr 

IS directed to a power converter includmg the drive circuit ^ non-conductive. 

for a synchronous rectifier. The power converter may be any ,,,, ... u i>* • j ■ u 

% _ • 1 J* _i_ When the primary power switch 14 is opened, i.e., when 

type of power converter including a synchronous rectiner n«7»* • , j ■ u i>i • / 

/ , J. , ^ . 1* J * r J ^ u 1. 1 « the PWM signal dnves the pnmary switch 14 into non- 

includmg but not limited to forward converters, flyback , . . j • .i_ . r • 

JJ1.1 jj J I* conduction, the energy stored in the transformer 12 is 

converters, and double ended converters such as, for . r j . »u j r 

1 u ir u • J _ 1 11 1- • J - J transferred to the secondary of the power converter circuit 

example half-bndge converters, nill-bridge converter and *n i£ • ^ j j- ju ui 

ush uU convert^ ^ ^ turned on, as discussed herembelow, 

^ ''^ causing load current to flow through the SR 16. The sec- 
DESCRIPnON OF THE FIGURES 40 ondary current of the power converter 10, i.e., the forward 

For the present invention to be cleariy understood and ^urrcm through the SR 16. decreases Unearly until this 

readily practiced, embodiments of the present invention will mterval teraimates as determined by the parUcular operauog 

be described in conjunction with the foUowing figures, converter 10. 

wherein: Accordingly, by regulating the duty cycle of the PMW 

FIG. 1 is a schematic diagram of a power converter circuit ^5 o^*P"^ voltage may be controlled. According 

according to one embodiment of the present invention; *o embodiment, the PWM control circuit 24 may be 

FIGS. 2a^ are voltage waveform diagrams illustrating responsive to the output voltage V and regulate the PWM 

the operation of the power converter circuit of FIG. 1 signal based on the output voltage V to a desired 

according to one embodiment of the present invention; °^»P^^* ^ ^"^Irated m FIG. 1, the PWM control circuit 24 

HG. 3 is a schematic diagram of a power converter circuit ^Z^' T.'^T^V TrJ^'i^^J!^ fiif 

... u J- . r.u 26, which may be regulated by a Zener diode 27 and filtered 

accordmg to another embodiment 01 the present mvention; b a ca acitor 28 

FIG. 4 is a schematic diagram of a power converter circuit r-, j • r .1. oti • . n j i_ . j • 

J- . . L J- . r .1. . • Conduction of the SR 16 is controlled by a gate dnve 

accordmg to another embodiment of the present mvention; . ."^n " \. . , . n . * !i • 

j^. . . .. ^ . , circuit 29. Accordmg to one embodiment, as illustrated in 

HG. 5 IS a schematic diagram of a power supply accord- HG. 1, the gate drive circuit 29 includes a pulse transformer, 

mg to another embodiment of the present invention; ^^^^^^ ^ ^^-^^^ ^-^^-^^ 3^ magnetically coupled to a 

HGS. 6fl-/ are voltage waveform diagrams illustratmg 5^^^ winding 32, but which are shown detached in FIG. 

the operation of the power supply of FIG. 5 according lo one ^ fo, clarity The gate drive circuit 29 also includes a turn-off 

embodunent of the present mvenUon; g^i^h 34 and a tum-on switch 36. Both switches 34, 36 may 

HG. 7 is a schematic diagram of a power supply accord- be transistors such as, for example, MOSFETs. According to 

ing to another embodiment of the present invention; one embodiment, as illustrated in FIG. 1, the switch 34 may 

RG. 8 is a schematic diagram of a synchronous buck be an n-channel MOSFET and the switch 36 may be a 

converter that may be used in conjunction with the power p-channel MOSFET. According to other embodiments 

supply of FIG. 7 according to one embodiment of the present described below, the drive circuit may include a charge 
invention; and 65 pump for driving the tum-on switch 36. The SR drive circuit 

FIG. 9 is a schematic diagram of a power supply accord- described herein may be used in any type of converter 

ing to another embodiment of the present invention. topology employing a synchronous rcctifier(s). 
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The switch 34 may provide a conduction path between the through a diode 50 and a resistor 52. Drive energy may be 

secondary winding 22 of the isolation transformer 12 and the stored in the capacitor 38, allowipg the on-time of the SR 16 

gate terminal of the SR 16. In addition, the control terminal to be non-responsive to the magnitude of the voltage at the 

of the switch 34 may be coupled to the secondary winding secondary winding 22. Consequently, in contrast to prior art 
32 of the pulse transformer. The switch 36 may also provide 5 self-driven synchronous rectification schemes, the present 

a conduction path between the secondary winding 22 of the invention does not use the secondary voltage to directly 

isolation transformer 12 and the gate terminal of the SR 16, drive the SR 16. According to another embodiment, a bias 

although a capacitor 38 may be provided between the voltage supply may be used to provide steady drive power 

secondary winding 22 and the switch 36, and a resistor 40 to the SR 16. 

may be provided between the switch 36 and the gate lo piG. 3 is a schematic diagram of the power converter 

terminal of the SR 16. The control terminal of the switch 36 circuit 10 according to another embodiment of the present 

may be coupled to the drain terminal of the SR MOSFFr 16. invention. The power converter circuit 10 illustrated in HG. 

The primary winding 30 of the pulse transformer may be 10 is similar to that of FIG. 1, except that it provides a dual 
pulsed with the PWM signal from the PWM control circuit output (V^^,^ and V^,2)- The illustrated embodiment 
24 via a capacitor 42. In addition, a resistor 44 may be shunt 15 includes a second SR 60 and a second output capacitor 62. 
loaded with the primary winding 30. The capacitor 42 and In addition, the transformer 12 may include a second sec- 
resistor 44 may form a differentiator circuit, discussed ondary winding 64. The second SR 60 may be, for example, 
further hercinbelow. a MOSFET, as illustrated in FIG. 3. 

The operation of the gate drive circuit 29 of FIG. 1 wUl The cyclic switching of the primary power switch 14 

be discussed in conjunction with the idealized vohage additionally generates an alternating voltage across the 

waveform diagrams of FIGS. 2fl-c. FIG. 2a is a diagram second secondary winding 64. This alternating voltage is 

showing the gate-source voltage of the primary power converted to a DC voltage by the second SR 60, producing 

switch 14. FIG. 2b is a diagram showing the gate-source a filtered DC output voltage (V^j) across the output capaci- 

voltage of the switch 34. FIG. 2c is a diagram showing the tor 62 to power a second load (not shown), 

gate-source voltage of the SR 16. The duty cycle of the 25 ^^^^ ^^^^ ^.^^^.^ 29 described hereinbefore may 

PWM signal is (tj-to)/(t2-to)- drive each of the SRs 16, 60. According to such an 

According to one embodiment, when the primary power embodiment, the gate terminal of the second SR 60 may be 

switch 14 is closed, the capacitor 38 is charged to coupled to the gale terminal of the first SR 16. Consequently, 

where N is the turns ratio of the transformer 12. When the as described hereinbefore with respect to FIGS. 1 and 2, as 

primary power switch 14 is opened at t^, the polarity of the a reverse voltage appears across the SR 60 due to the 

voltage at the secondary winding 22 of the transformer 12 polarity of the second secondary winding 64, the switch 36 

will reverse. This will forward bias the intrinsic body diode may be niracd off, thus removing the drive current from the 

of the SR 16 and cause the switch 36 to conduct, thereby gate terminal of the SR 60. With the switch 36 nirncd off, no 

driving the gate terminal of the SR 16 to mm on the SR 16. drive is available for the SR 60, and the switch 34 is turned 

When the primary power switch 14 is then turned on at t^ off by the decay of the differential pulse at its gate terminal, 

by the PWM signal of the PWM control circuit 24, the PWM The power converter circuit 10 of FIGS. 1 and 3 utilizes 

signal is differentiated by the differentiator circuit compris- a flyback topology. Benefits of the gate drive circuit 29 of the 

ing the capacitor 42 and the resistor 44, and the differenti- present invention, however, may be realized with other types 
ated PWM signal is applied to the primary winding 30 of the ^ of power conversion topologies. For example, FIG. 4 is a 

pulse transformer. The switch 34 is therefore instanta- schematic diagram of a half-bridge power converter circuit 

neously turned on by the voltage across the secondary 90 with a current doubler including a gate drive circuit 

winding 32 of the pulse transformer. The tuming-on of the according to an embodiment of the present invention. The 

switch 34 turns off the SR 16 and shunts drive current from circuit 90 includes two series-connected capacitors 92, 94 

the switch 36. limited by the resistor 40, away from the gale connected across the input voltage source (V^). The primary 

terminal of the SR 16. In this interval, the primary power winding 20 of the isolation trai^ormer 12 may be coupled 

switch 14 turns on, causing the voltage on the primary between a common node the two capacitors 92, 94 and a 

winding 20 of the isolation transformer 12 to reverse. common node of the two primary input power switches 14^, 

Subsequently, the voltage at the secondary winding 22 14^. 
reverses, and because the SR 16 has been mmed off, the 50 The secondary of the circuit 90 includes two SRs 102, 

possibility of reverse current through the SR 16 is eliminated 104, which may be, for example, MOSFETs as illustrated in 

and shorting of the secondary winding 22 is prevented. As FIG. 4. ITie SRs 102, 104 may alternately convert an 

reverse voltage appears across the SR 16, the switch 36 may alternating voltage across the secondary winding 22 of the 

be turned off, thus removing the drive current from the gate isolation transformer 12 to produce a regulated DC output 
terminal of the SR 16 and limiting further dissipation in the 55 voltage V^, across the output capacitor 18. A pair of output 

resistor 40. With the switch 36 turned off, no drive is inductors 106, 108, in conjunction with the output capacitor 

available for the SR 16, and the switch 34 is turned off by 18, may filter the DC voltages generated by the SRs 102, 

the decay of the differential puLsc at its gate terminal. 104. 

The values of the capacitor 42 and the resistor 44 of the The illustrated half-bridge power converter circuit 90 
differentiator circuit may be chosen such that the differential 60 includes two gate drive circuits to respectively control the 

time constant provided by the differentiator circuit is long drive supphed to each of the SRs 102, 104. Similar to the 

enough to keep the switch 34 turned on during the switching gate drive circuits described hereinbefore, the first gate drive 

interval, but short enough to significantly reduce the volt- circuit of circuit 90, which controls the gate drive for the first 

second product applied across the pulse transformer. SR 102, may include a pulse transformer including a pri- 

According to one embodiment, as illustraled in FIG. 1, 65 mary winding 30^ and a secondary winding 32^. The first 

power for the gate drive circuit 29 may be derived from the gate drive circuit may also include first and second switches 

secondary winding 22 of the isolation transformer 12 34^ and 36^ coupled by a resistor 40^. In addition, as 
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discussed hereinbefore, a differentiator circuit comprising a 
capacitor 42^ and a resistor 44^ may differentiate a first 
PWM signal, PWM^, which controls the switching of the 
first primary power switch 14^. 

Similarly, the second gate drive circuit, which controls the 
drive supplied to the second SR 104, may include a second 
pulse transformer including a primary winding 30^ and a 
secondary winding 32g, a pair of switches 34^ and 36^ 
coupled by a resistor 40^, and a differentiator circuit com- 
prising a capacitor 42g and a resistor 44^. 

In a manner analogous to that described hereinbefore with 
respect to FIGS. 1 and 2, the first and second drive circuits 
may respectively prevent the SRs 102, 104 from conducting 
reverse current, thereby preventing the shorting effect of the 
secondary winding 22, except that for a half-bridge 
configuration, as illustrated in FIG. 4, the SRs 102, 104 may 
be turned off only during the interval that the opposite 
primary power switches 14^, 14^ are turned on. That is, the 
SR 102 may be mmed off only for the interval that primary 
power switch 14^ is turned on, and Ihe SR 104 may be 
turned off only for the interval that primary power switch 
14^ is turned on. This may be realized in the half-bridge 
circuit 90 because the secondary winding 22 of the isolation 
transformer 12 has the same polarity as the primary winding 
20. 

Power for each of the gate drive circuits may be derived 
from the secondary winding 22 of the isolation transformer 
12, for the first gale drive circuit, through a diode 50^ and 
a resistor 52^, and for the second gate drive circuit, through 
a diode 50^ and a resistor 50^. 

FIG. 5 is a diagram of a power supply 200 according to 
another embodiment of the present invention. The power 
supply 200 illustrated in F\G. 5 includes two parallel- 
connected converters 202, 204. The converters 202, 204 may 
be, for example, flyback converters sharing a common 
output capacitor 206, Each converter 202, 204 may be 
similar to the converter 10 described hereinbefore with 
respect to FIG. 1, including an isolation transformer 12^.2, a 
primary power switch 14^.2, a synchronous rectifier 16^.2, 
and a PWM control circuit 24i.2- The PWM signals PWMl 
and PWM2 from the respective PWM control circuits 24^.2 
may be, for example, 180 degrees out of phase such that the 
parallel-connected converters 202, 204 operate in an inter- 
leaved mode. 

Similarly, each converter 202, 204 may include a gate 
drive circuit as described hereinbefore including, for 
example, a pulse transformer including a primary winding 
30^.2 and a secondary winding 32a.2> ^ differential circuit 
including a capacitor 42^.2 and a resistor 44^.2 (in FIG. 5 the 
resistors 44j.2 are shown in parallel across the secondary 
windings 30^.2 of ^he pulse transformers), switches 34^.2, 
36i.2, and a resistor 40j,2- Id addition, each converter 202, 
204 may include a capacitor 38, .2» a resistor 52, ,2, and a 
diode 50j.2 connected across the secondary winding of the 
isolation transformer 12,.2- 

In contrast to the converter 10 described hereinbefore, the 
mrn-on fiinction for the synchronous rectifiers 16^.2 of the 
converters 202, 204 may be mechanized by use of a cross- 
coupled charge pump arrangement. According to one such 
embodiment, each converter 202, 204 may include a capaci- 
tor 210,.2 and a diode 212, .2. The diode 212, may be 
connected between the diode SO 2 and the source terminal of 
the switch 36^. The capacitor 210, may be connected 
between the source terminal of the switch 36^ and the 
secondary winding of the transformer 12 j. The gate terminal 
of the switch 36^ may also be connected to the diode SOj. 



Jl,847 B2 

8 

Similarly, the diode 2122 ^ connected between the 
diode 50j and the source terminal of the switch 362, and the 
capacitor 2IO2 may be connected between the source ter- 
minal of the switch 362 and the secondary winding of the 
s transformer Uj. The gate terminal of the switch 362 may 
also be connected to the diode 50] . 

The charge pump for the synchronous rectifier 16, of the 
converter 202 may include the capacitors 382, 210,, the 
diodes 5O2, 212,, and the resistor 522. Similarly, the charge 
^0 pump for the synchronous rectifier I62 of the converter 204 
may include the capacitors 38^, 2IO2, the diodes 50^, 2122, 
and the resistor 52^. The resistors 52^.2 ™ay provide a 
current limit function during the charge pump conversion 
intervals. 

The power supply 200 of FIG. 5 may be beneficial, for 
example, for low output voltage applications. For example, 
for a low output voltage converter, the turns ratio of the 
isolation transformers may be sufficiently high that the 
appropriate drive level to forward bias the synchronous 
rectifier cannot be developed for all input voltage conditions 
of Vin. As described hereinbelow, the cross-coupled charge 
pump arrangement may yield the required synchronous 
rectifier drive levels and gating functions when using high 
step-down ratios as are ordinarily required for optimized low 

^ voltage output converters. 

FIGS. 6a-f illustrate idealized voltage waveforms for the 
power supply 200 at an arbitrary operating point. FIG. 6a is 
a diagram of the PWM signal from the first PWM control 
circuit 24, (PWMl). FIG. 6b is a diagram of the PWM 
signal from the second PWM control circuit 242 (PWM2). 
FIG. 6c is a diagram of the voltage at a node (V,) in the 
converter 202 between the capacitor 38^ and the secondary 
winding of the transformer 12^. FIG. 6disa diagram of the 
voltage at a node (Vj) in the converter 204 between the 
capacitor 382 and the secondary winding of the transformer 
122. 6e is a diagram of the gate-source voltage of the 
transistor 36^. And FIG. 6/ is a diagram of the gate-source 
voltage of the transistor 362. 

4Q From FIGS. 6^-/, it is recognized than when the signal 
PWM2 is high, the capacitor 382 is charged to a voltage of 
Vin/N, where N is the turns ratio of the transformers 12^.2. 
Subsequently, the signal PWM2 goes low prior to the signal 
PWMl going high. This causes the voltage at the node "A" 

45 of the converter 204 to become (V^^yN)+V^^ When the 
signal PWMl goes high, the capacitor 210] is charged via 
the capacitor 383, the diode 212j and the transformer 12^ to 
a value of (2V,„/N)+V^^ By appropriate selection of these 
values, this voltage may be suitable over all line conditions 

5Q (i.e., input voltages Ym) and during a short circuit (i.e., 
V^oO) to forward bias the synchronous rectifier 16]. 

Tum-on of the synchronous rectifier 16] may be accom- 
plished by the turn-on switch 36^. During the interval where 
PWMl is high, the node voltage V, is at -V.„/N. Thus, the 

55 gate-source voltage (V^) of the p-channel switch 36, 
equals: 

As such, the switch 36, is in a non-conducting state. 

60 When PWMl goes low, the voltage at node B of the 
converter 202 will be forced to As such, the gate- 
source voltage (V^) of the switch 36, will be forced to 
-V^^. Thus, the switch 36, will be in a conducting stale 
and will transfer charge from the capacitor 210, to the 

65 synchronous rectifier 16,, forcing the synchronous rectifier 
16, into the conducting third quadrant state. During the 
interval when PWM2 goes high, the switch 36^ is biased on 
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to the entire charge pump level of 2(Vi„+V^,). Because the 
synchronous rectifier 16^ is already conductive, this has no 
effect in the conduction interval. 

Tum-ofif and turn-on of the synchronous rectifier I62 may 
be accomplished in an analogous manner and is, therefore, 
not further described herein. 

FIG. 7 is a diagram of the power supply 200 according to 
another embodiment of the present invention. The power 
supply 200 is similar to that of FIG. 5, except that the 
transformers 12 j. 2 are forward-mode transformers and that 
the drive signals to the primary power switches I61.2 are 
supplied by first and second clock circuits 220^.2 respec- 
tively. The signals from the first and second clock circuits 
220j.2 (CLOCKl and CL0CK2) may be, for example, 180 
degrees out of phase but with some overlapping high period. 
Thus, for the overlapping interval, both the transformers 
12^.2 deliver energy to the output at the same time. In 
addition, for the power supply 200 of FIG. 7, the pulse 
transformer sense may be reversed (i.e., the polarities of the 
primary windings SOj.j and the secondary windings 32j.2 of 
the pulse transformers are the same) since the transformers 
12^.2 operate in the forward mode. 

According to one embodiment, the input voltage Vin for 
the power supply 200 of FIG. 7 may be supplied by, for 
example, a synchronous buck converter, as illustrated in 
FIG. 8. The synchronous buck converter 230 of FIG. 8 
includes two switches 232, 234, and inductor 236, and a 25 
capacitor 238. The switches 232, 234 may be, for example, 
transistors such as, for example, bipolar junction transistors 
or field effect transistors. The voltage across the capacitor 
238 (Vmil) may be the input voltage (Vin) for the power 
supply 200 of FIG. 7. The switches 232, 234 may be driven 30 
by PWM control circuit 240, which may be responsive to the 
output voltage Vout of the power supply 200 of FIG. 7, to 
thereby regulate the output voltage of the power supply 200. 
An inverter 242 may be connected between the PWM 
control circuit 240 and the switch 234 such that the switches 
232, 234 are oppositely driven. 

FIG. 9 is a schematic diagram of a converter 300 accord- 
ing to another embodiment of the present invention. The 
converter 300 includes a SR 16 and a drive circuit for 
driving the SR 16. The drive circuit includes the turn-on and 
turn-off switches 36, 34, the pulse transformer comprising 
windings 30 and 32, and a charge pump circuit 301, com- 
prising capacitor 302 and diode 304. The converter 300 
illustrated in FIG. 9 is a flyback converter, although the drive 
circuit for driving the synchronous rectifier 16 may be used 
in other converter topologies including, but not limited to, 45 
forward converters, half -bridge converters, full-bridge con- 
verter and push-pull converters. 

In operation, similar to the operation of the converter 
described previously in connection with FIG. 1, at the 
instant the primary switch 14 is turned ON by the PWM 
control circiut 24, the turn-off switch 34 of the drive circuit 
is driven to conduction by the pulse transformer (windings 
30, 32), and SR 16 is turned OFF. The resistor 40 connected 
to the drains of the turn-on switch 36 and the turn -off switch 
34 limits cross-conduction between the two switches 34, 36 
that may result if both switches are simultaneously ON. The 
operation is described previously in paragraphs 23 and 24. 
TTic switching operation of the turn-off switch 34 is 
described previously, such as at paragraphs 23-25. 
Subsequently, the voltage 00 the secondary winding 22 
reverses and the SR 16 is then OFF to block reverse current 
flow. During this period, the diode 304 conducts to charge 
the charge pump capacitor 302 to the secondary winding 
voluge. When the primary switch 14 is turned OFF by the 
control circuit 24, the voltage on the secondary winding 22 
begins to reverse again; the pulse transformer is inactive 
during this time. As the secondary winding 22 voltage rises, 
the charge pump capacitor 302 carries the source terminal of 



the mm-on switch 36 to a voltage above the output voltage 
(V^,). The gale terminal of the - turn-on switch 36. which 
may be a p-type device as illustrated in FIG. 9, may be held 
to the output voltage (V^,) or to the voltage at a tap on the 
main power transformer 12, as described below. When the 
voltage between the terminals exceeds the threshold voltage 
of the switch 36, the switch 36 tums on to turn on the SR 16. 

As shown in FIG. 9, the secondary winding of the 
transformer 12 may be tapped to provide the appropriate 
voltage for the charge pump capacitor 302. The number of 
ftims between the tap and the winding end may be chosen to 
provide a suitable voltage for the gate of the SR 16. Further, 
as shown in FIG. 9, the gate of the turn-on switch 36 may 
be connected to the anode of the charge pump diode 302 
instead of the output voltage, lliis may prevent excessive 
voltage from appearing at the gate of the turn-on switch 36 
during the ON period of the primary switch 14. In addition, 
the circuit may include a resistor 306 in series with the diode 
304 to limit the current through the diode 304 into the charge 
pump capacitor 302. 

As shown in FIGS. 5-7, a cross-coupled charge pump 
20 arrangement may be used for paralleled converters. Without 
the cross couphng of the charge pumps, the charge pump 
voltage may be too low to provide adequate drive to the SRs. 
By cross-coupling the charge pumps between the two 
converters, as shown in FIGS. 5 and 7, the output voltage 
may be added to the charge pump capacitor. 

As is apparent from the above-description, embodiments 
of the drive circuit of the present invention provide the 
advantage of creating a reservoir of stored energy for turn on 
of the SR and initiate the turn-on current based on forward 
bias of the SR 16. Thus, conduction by the body diode of the 
SR is minimized, thereby reducing losses. Also, turn off the 
SR may be initiated through a fast pulse transformer at a 
time determined by the control signal for the primary switch 
14, and the secondary winding voltage docs not begin to 
charge until the turn-on delay of the primary switch 14. 
Therefore, at least tum-on delay of the primary switch 14 
may compensate for the turn-off delay of the SRs. In 
addition to this delay, the leakage inductance of the trans- 
former 12 and transition time of the secondary voltage may 
create additional small delays that ensure that the SRs are off 
4Q before the reverse voltage is applied. Further, embodiments 
of the present invention may provide high performance, 
reliability and simplicity because they combine discrete 
drive switches 34, 36 with a reliable charge pump circuit 301 
and small pulse transformer. 

Although the present invention has been described herein 
with respect to certain embodiments, those of ordinary skill 
in the art will recognize that many modifications and varia- 
tions of the present invention may be implemented. For 
example, the isolation traasformer 12 may include multiple 
primary, secondary, or tertiary windings. In addition, the 
power converter circuit 10 maya mechanism for resetting the 
core of the transformer 12. The foregoing description and 
the following claims are intended to cover all such modifi- 
cations and variations. 
What is claimed is: 

1. A drive circuit for a synchronous rectifier of a switch 
mode power converter, wherein the power converter 
includes a main power transformer and a primary switch for 
cychcally coupling the main power transformer to an input 
source, the drive circuit comprising: 
a charge pump coupled to a secondary winding of the 

main power transformer; 
a turn-on switch for turning on the synchronous rectifier, 
wherein the turn-on switch is coupled to the charge 
pump; 

a pulse transformer having primary and secondary 
windings, wherein the primary winding is responsive to 
a control signal supplied to the primary switch; and 
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a turn-off switch for turning off the synchronous rectifier, 
wherein the turn-off switch includes a control terminal 
coupled to the secondary winding of the pulse trans- 
former. 

2. The drive circuit of claim 1, wherein the charge pump 
is for providing drive and a power supply for the turn-on 
switch. 

3. The drive circuit of claim 1, wherein the charge pump 
includes a capacitor and a diode. 

4. The drive circuit of claim 3, wherein: 

the main power transforaier includes first and second 
secondary windings connected in series at a common 
node; and 

the tum-on switch includes a FET having a source 
terminal, a drain terminal and a gate terminal, wherein 
the gate terminal is coupled to the common node 
between the first and second secondary windings of the 
main power transformer and the drain tenninal is 
coupled to the control terminal of the synchronous 
rectifier. 

5. The drive circuit of claim 4, wherein the diode of the 
charge pump includes an anode terminal coupled to the 
common node of between the first and second secondary 
windings of the main power transformer and a cathode 
terminal coupled to the source terminal of the tum-on 
switch. 

6. The drive circuit of claim 5, wherein: 

the first secondary winding of the main power transformer 
includes a first terminal opposite the common node 
between the first and second secondary windings, 
wherein the synchronous rectifier is coupled to the first 
terminal of the first secondary winding; and 

the capacitor of the charge pump is coupled between the 
first terminal of the first secondary winding and the 
source terminal of the mrn-on switch. 

7. The drive circuit of claim 6, further comprising a 
differentiator circuit coupled to the puke transformer. 

8. The drive circuit of claim 7, wherein the differentiator 
circuit includes: 

a capacitor connected to the primary winding of the pulse 

transformer; and 
a resistor connected in parallel with the primary winding 

of the pulse transformer. 

9. The drive circuit of claim 1, further comprising a 
differentiator circuit coupled to the pulse transformer. 

10. The drive circuit of claim 9, wherein the differentiator 
circuit includes: 

a capacitor cormected to the primary winding of the pulse 

transformer; and 
a resistor connected in parallel with the primary winding 

of the pulse transformer. 
U. The drive circuit of claim 1, wherein the power 
converter includes first and second paralleled power 
converters, each paralleled power converter including a 
synchronous rectifier, a main power transformer, and a 
primary switch for cyclically coupling the input voltage to 
the main power transformer, wherein: 
the charge pump for the drive circuit for the first power 
converter is coupled to the secondary winding of the 
main power transformer of the second power converter; 
and 

the charge pump for the drive circuit for the second power 
converter is coupled to the secondary winding of the 
main power transformer of the first power converter. 
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12. The drive circuit of claim 11, wherein the first and 
second power converters are interleaved. 

13. The drive circuit of claim 1, wherein the switch mode 
power converter is selected from the group consisting of a 

5 forward converter, a flyback converter, a half -bridge 
converter, a full-bridge converter and a pu^-puU converter. 

14. A power converter, comprising: 
a main power transformer, 

a synchronous rectifier coupled to a secondary winding of 
1° the main power transformer for rectifying a voltage 

across the secondary winding; 
a primary switch for cyclically coupling an input voltage 

to a primary winding of the main power transformer; 

and 

a drive circuit for driving the synchronous rectifier, the 
drive circuit comprising: 

a charge pump coupled to the secondary winding of the 

main power transformer; 
a turn-on switch for turning on the synchronous 

rectifier, wherein the mm-on switch is coupled to the 

charge pump; 
a pulse transformer having primary and secondary 

windings, wherein the primary winding is responsive 
^ to a control signal supplied to the primary switch; 

and 

a tum-off switch for turning off the synchronous 
rectifier, wherein the tum-off switch includes a con- 
trol terminal coupled to the secondary winding of the 
pulse transformer. 

15. The power converter of claim 14, wherein the charge 
pump is for providing drive and a power supply for the 
tum-on switch. 

16. The power converter of claim 14, wherein the charge 
pump includes a capacitor and a diode. 

17. The power converter of claim 16, wherein: 

the main power transformer includes first and second 
secondary windings connected in series at a common 
node; and 

4Q the tum-on switch includes a FET having a source 
terminal, a drain tenninal and a gate terminal, wherein 
the gate terminal is coupled to the common node 
between the first and second secondary windings of the 
main power transformer and the drain terminal is 

43 coupled to the control terminal of the synchronous 
rectifier. 

18. The power converter of claim 17, wherein the diode 
of the charge pump includes an anode terminal coupled to 
the common node of between the first and second secondary 
windings of the main power transformer and a cathode 
terminal coupled to the source terminal of the turn-on 
switch. 

19. The power converter of claim 18, wherein: 

the first secondary winding of the main power transformer 
includes a first terminal opposite the common node 
between the first and second secondary windings, 
wherein the synchronous rectifier is coupled to the first 
terminal of the first secondary winding; and 

the capacitor of the charge pump is coupled between the 
go first terminal of the first secondary winding and the 
source terminal of the tum-on switch. 

20. The power converter of claim 14, further comprising 
a differentiator circuit coupled to the pulse transformer. 

***** 



